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Abstract: New micro- and nanoscale fabrication methods are of vital importance to
drive scientific and technological advances in electronics, materials science, physics and
biology areas. Direct ink writing (DW) describes a group of mask-less and contactless
additive manufacturing (AM), or 3D printing, processes that involve dispensing inks,
typically particle suspensions, through a deposition nozzle to create 2D or 3D material
patterns with desired architecture and composition on a computer-controlled movable stage.
Much of the functional material printing and electronics area remains underdeveloped for this
new technology. There is a need to understand and establish the advantages and shortcomings
of extrusion-based DW over other AM technologies for various applications. Further, the
integration of extrusion DW with other AM technologies, such as stereolithography (SLA),
remains an active area of research. In this study, we performed a comprehensive study of the
relationships between ink properties/machine parameters and the printed line dimensions,
including parametric studies of the machine parameters, an in-nozzle flow dynamics
simulation, and a preliminary 3D comprehensive flow dynamics simulation. We explored the
boundary and possibilities of extrusion-based DW. We pushed the limit of DW printing
resolution, solid content of nonspherical particles, and printed polymer-bonded magnets with
the highest density and magnetic performance among all 3D printing magnet techniques. We
optimized the design of DW ink from rheological, mechanical, and microscopic perspectives.
We are one of the first experimentalists as of author’s knowledge to perform bimodal highly
concentrated suspension rheology analysis using nonspherical particles. Great improvements
in solid loading were achieved by using the best large-to-small particle size ratio and large

particle volume ratio found. The data and analysis could provide a new standard and solid
experimental support for functional material printing.
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1 Introduction
1.1

Additive Manufacturing Background
Additive manufacturing (AM), or 3D printing, refers to a group of technologies

wherein a part is manufactured directly from computer-aided designs (CAD). In additive
manufacturing, a computer program slices 3D CAD models into a series of cross-sections, or
layers with finite thickness, and then material is joined or solidified to create a 3D object.
Printing materials in three dimensions offers a variety of benefits in smart
manufacturing including the design freedom of prototyping, reducing energy and materials
consumption, and versatility of material selection

[1]

. Compare to traditional subtractive

manufacturing methods, these techniques generally eliminate the lead time necessary to
design and manufacture specialized tools or the mesh screen required during the product
design and development process. New micro- and nanoscale fabrication methods are of vital
importance to drive scientific and technological advances in electrical, material science,
physics and biology areas.
Direct writing (DW) describes a group of maskless and contactless AM processes that
involve dispensing inks, typically particle suspensions, through a deposition nozzle to create
2D or 3D material patterns with desired architecture and composition through air pressure or
mechanical piston. Based on the rheological properties and dispensing mechanism of the
inks, direct writing can be divided into two categories: (1) continuous extrusion based
approaches that consist of micropen writing (i.e., robocasting); (2) droplet-based deposition
approaches such as inkjet printing and aerosol jet printing. The proposed research is
particularly focused on the first category of the extrusion approaches, where filament of ink

1

paste is extruded through a small nozzle while the nozzle is in relative motion with the
printing substrate.
1.2

Process mechanism
Our study employs extrusion-based DW, in which a software-guided machine

extrudes continuous filaments onto a substrate through a nozzle. Following deposition, heat
treatment (e.g., curing or sintering) endows the deposited material with the properties needed
to achieve its full performance. DW enables the fabrication of sensing devices conformal to
the product surface or embedded within the product structure. Such additive processes
minimize material waste and tooling requirements and speed processing time.
The extrusion-based DW system used in this research, which is sometimes referred to
as a continuous approach or a flow-based system, is the commercially available nScrypt®
tabletop series micro-dispensing equipment.

2

Figure 1. Schematic illustration of nScrypt printing mechanism.
The nScrypt system integrates a shaft valve into the direct-print dispensing tool, as
illustrated in Figure 1. A 3 cc syringe is loaded with the ink and connected to the assembly.
When an air pressure command is sent through the software, ink fills the assembly and is
stopped by a closed nozzle valve. The amount of ink extruded through the ceramic head
nozzle is controlled by the degree of valve opening. A surface mapping of the substrate is
performed before printing to account for any unevenness of the print surface through
adjusting the height of the print head during printing. The integrated vertical valve system
can dispense materials with a viscosity of up to 1000 Pa·s at room temperature under
controlled air pressure, valve opening, and dispensing gap

[2]

. The substrate moves

horizontally as print material is deposited onto the substrate for a fixed dispensing gap.
One of the key features of the vertical valve system is that when the valve plunger is
pulled up, a slight negative pressure is generated to draw the ink back into the nozzle head
3

once a deposition is completed. This feature keeps the orifice clear, reducing clogging and
allowing for a good startup. Another feature is the use of a tapered nozzle in reducing the
print line width for a high-resolution printing with minimum pressure drop. The extrusion
printing mechanism relies on the shear-thinning properties of the ink. As a result, the
viscosity of the ink is lowered during extrusion in the nozzle head, which facilitates flow, and
viscosity increases at low shear rate after deposition on the substrate. Higher viscosity (>
1000 Pa.s) at low shear rate (< 1 s-1) would limit free surface flow of the ink and cause it to
retain its shape after being extruded onto the substrate. Extrusion-on-demand (EOD) refers to
the ability to control the start and stop of paste extrusion, the volumetric flow rate, and even
the topography of printed structures and becomes critical to the fabrication of parts with high
resolution and complex geometries.
1.3

Direct Write Literature Review
Extrusion-based DW was originally established as a solid, free-form ceramic AM

process called Robocasting by Sandia National Lab

[3]

. High concentration of Alumina

(Al2O3) powder mixed with water solvent was deposited layer by layer to produce a facecentered cube (FCC) lattice. Line width of 750 µm and spacing of 500 µm were achieved.
Throughout its development, DW has excelled in the deposition of metallic
interconnect inks

[4]

primarily using silver and copper, nonmetallic or metallic resistor inks

such as carbon and Ruthenium [5], and ceramic [3] and other dielectric particle suspensions [6].
In terms of extrusion-based DW technology, a smallest line width of 25 µm and a smallest
line-to-line spacing of 100 µm have been reported in the literature [7]. Sochol et al. fabricated
miniaturized microfluidic devices in millimeter scale

[8]

. Wei et al. fabricated carbon-based

resistive strain gauge sensors with a 175-µm line width and 0.5-mm line-to-line spacing on
titanium using contact-based DW technology [9]. Therriault et al. printed freestanding singlewalled carbon nanotube (SWCNT) nano-composite fiber with extrusion direct write under
4

constant ultraviolet (UV) illumination

[10]

. Lee et al. fabricated a 4 X 4 mm flexible tactile

sensor with direct write and conducted some fundamental parametric studies between printed
line width, feed pressure, and nozzle-substrate relative moving speed.
As the technique keeps evolving, Lewis from Harvard University developed and
promoted novel applications of DW process. Her group took the approach from ink rheology
and investigated the relationship from the rheological properties of the ink to the printability
and final surface topography of the product [11]. Lewis et al. and Dimos et al. have suggested
that the difference in apparent viscosities in the settling regime (𝛾 < 1 s-1) can result in
significantly different line resolution and surface topographies. For instance, pastes with a
higher viscosity at low shear rates would yield higher resolution patterns. Conversely, pastes
with a lower viscosity at low shear rates are prone to settling, but tend to produce smoother
surfaces due to surface tension, which minimizes the surface area. Applying this principle,
the group demonstrated printing of Zinc Oxide varistors
(PNZT) thick film capacitors

[13]

, Li-Ion Microbatteries

[12]
[14]

, lead niobium zirconate titanate

. By implementing a biomimetic

silicification of polyamine-rich scaffolds, they achieved a resolution of a couple of
micrometers line width [15], far beyond the conventional extrusion-based DW resolution limit
of around 25 µm.
Another area of proved excellence and potential of DW is bioprinting, such as tissue
scaffold printing. Studart et al. pointed out the similarity between DW and biologically
mediated assembly

[ 16 ]

. They suggested that the deposition of multiple materials that

incorporate new functionalities in 3D printed parts resembles, to some extent, the approach
used by living cells to grow biological materials in nature. The DW deposition method has
the potential of mimicking the cells proliferating mechanism in the connective tissues of
animals and plants: lay down extracellular material (ECM) with locally tunable composition
in a layer-by-layer manner. Hydrogels, due to their unique biocompatible and biodegradable

5

properties, have gained popularity in bioprinting and tissue engineering. Alblas et al. printed
hydrogels consists of methacrylated hyaluronic acid (MEHA) up to 3 wt.%

[17]

. They

incorporated mesenchymal stromal cells (MSCs) into MEHA and found cell viability at
64.4% after 21 days of culture. Doyle et al. ran some parametric studies on optimizing
process parameters of printing a hydrogel made of 7% alginate (alginic acid sodium salt, low
viscosity: 4 − 12 cP) and 8% gelatin (type A porcine skin)

[18]

. They developed a parameter

optimization index and found the optimum print is obtained with a 30 gauge nozzle, 100 kPa
print pressure and 4 mm/s print speed for lowest shear stress acting on fluid. Domingos et al.
printed self-assembling peptide-based hydrogel constructs with encapsulated epithelial cells
and demonstrated cells were viable and proliferate after 7 days of culture

[19]

. Many other

attempts have been made applying DW technique to print organs and tissues [20,21,22,23,24].
1.4

Comparison of extrusion-based DW with other 3D printing techniques
Currently one of the most pronounced application areas for extrusion-based DW is

printed electronics

[25]

. As mentioned previously, extrusion-based DW excels in dispensing

conductive, resistive, and dielectric materials. Photolithography is capable of producing
patterns with a line-width and center-to-center line spacing on the order of 10 nm and beyond
with the downside of a relatively high cost

[26,27]

. As a subtractive manufacturing process,

photolithography works by utilizing a mask to transfer the required conductor pattern onto
the photoresist layer. After development of the photoresist an etching process is used to
remove unwanted areas of the conductive layer, leaving the required conductive pattern.
Studies shown such processes can generate large quantities of material wastes and consumes
massive energy, such that a single nail sized microchip has been estimated to consume 1.7 kg
of non-renewable resources [28].
Screen-printing is a popular commercial manufacturing method for creating
conductive and resistive traces directly, although the spatial resolution is much lower than
6

that of photolithography methods. In screen printing, pre-designed screens or masks are used
to deposit materials onto large-area substrates with high throughput. It is considered as one of
the scalable additive manufacturing techniques and has been widely used in printed
electronics

[29,30]

. For high-resolution screen-printing, Hyun et al. reported a line width of 40

µm using graphene ink [31]. However, screen-printing also requires upfront investments, such
as stencils that require regular cleaning, and lacks versatility when it comes to design
changes. The resolution of screen-printing is limited by the open areas of the stencil and
printing features with less than 40 µm proving to be challenging due to possible ink bleeding
[32]

. A lot of research has been done in screen-printed flexible electronics, especially for

organic thin film transistors (TFT). Zhou et al. printed rigid and flexible organic TFTs using
separated carbon nanotubes with a channel length of 105 µm and channel width of 1mm.
In addition to screen printing, conductive traces with a line width on the order of 50
µm and even 10 µm have been demonstrated using inkjet and aerosol jet printing

[33]

.

However, inkjet and aerosol jet printing require a low viscosity ink (typically less than 50
cPs), which further limits the solid loading in the ink (< 20%). After the carrier solvent is
removed, a single-pass printing usually results in layers with sub-micron thickness and with
relatively high resistance due to a small cross-sectional area [34]. Multiple passes may be used
to increase the thickness and reduce the resistance of the conductive traces, but the
throughput and resolution are compromised as a result because of additional processing time
and imperfect layer-to-layer registration. Table 1 compares the popular low volume
electronics fabrication technologies.
Extrusion-based DW has the advantages of ease of design change, capabilities of
conformal printing and freedom of choosing either high temperature sintering or low
temperature curing mechanism inks. The conductivity of DW printed silver traces after high

7

temperature sintering could be as high as 1.9*107 S/m, around one third the conductivity of
bulk silver [4].
Direct writing emerges as a potential alternative approach from traditional
photolithography for microelectronic device manufacturing such as MEMS and micro-fluidic
devices. The DW process is flexible as any changes made within the CAD system, for
example to include new design features or necessary modifications, can be immediately
implemented without the delays re-fabrication of photo masks. Therefore, it enables the rapid
prototyping of a new product from its initial design, in comparison with the costly and timeconsuming mask generation and lithography processes. In addition, DW techniques can
minimize the usage of materials and potentially reduce energy consumption, thereby reducing
the large environmental concerns associated with micro- engineered product manufacture. In
many direct writing processes, materials can be deposited only where needed and no further
lithography or etching is needed. This simplifies the manufacturing process and reduces the
requirement for processing and disposal of hazardous and toxic substances. Such data driven
processes also provide the possibility of greater customization of products to specific
applications.
Table 1. Comparison of low volume electronics fabrication technologies including
photolithography, inkjet printing, screen-printing, and extrusion-based direct write.

8

1.5

Material understandings and governing equations
Extrusion-based DW shares nearly identical rheological requirements with screen-

printing. The materials, particle size, and solution chemistry used to formulate printing fluids
for these syringe-based writing applications greatly impact the rheological properties and
consequently the minimum feature definition achievable.
Before modeling the extrusion-based DW process, one must understand the general
characteristics of DW ink physics. Due to the high viscosity, DW ink is also often referred to
as paste. Paste is a substance that behaves mainly as a solid until a yield stress is applied, at
which point it flows like a fluid

[35]

. For example, Bingham fluid is a fluid model for yield

stress fluid [36].
In the field of extrusion-based DW processes, the ink used for extrusion is usually a
non-Newtonian particles suspension. Such fluids typically exhibit shear thinning, shear
thickening, or yield stress behavior. Shear thinning and shear thickening fluids decrease and
increase their viscosities as a function of increasing shear rate, respectively; while yield stress
fluid requires a certain amount stress applied before begin to flow. Several popular viscosity
models can be used to describe these characteristics of fluids. The first is the power law
viscosity model, given by [37,38]:
𝛈 = 𝐊𝛄𝐧!𝟏

Equation 1

where 𝜂 is the viscosity, K is the flow consistency index, 𝛾 is the shear rate, and n is the
power law index. The power law index can be thought of as a measure of the degree of
departure from Newtonian behavior. For Newtonian fluids n = 1, for shear thinning fluids
0<n <1, and for shear thickening fluids n >1. Note the yield stress is not considered in the
power law viscosity model.

9

When yield stress needs to be considered, the Herschel-Bulkley model (generalized
Newtonian fluid) is often used [39]:

𝝁𝒆𝒇𝒇 =

𝒌𝜸

𝒏!𝟏

𝝁𝟎 ,
+ 𝝉𝟎 𝜸

!𝟏

,

𝜸 ≤ 𝜸𝟎
𝜸 < 𝜸𝟎

Equation 2

where 𝜏! is the yield stress, 𝜇! the limiting viscosity and 𝜇!"" the effective viscosity. A large
limiting viscosity indicates that larger applied force is required to make the fluid flow. This
model combines power law fluids with yield stress.
Another widely used model for describing non-Newtonian fluid viscosity is the
Carreau fluid model. It amplifies shear rate and describes the viscosity at low shear rate as
Newtonian and at high shear rate as power-law. The viscosity equation of the Carreau model
is given by the following [40]:

𝝁𝒆𝒇𝒇 𝜸 = 𝝁𝒊𝒏𝒇 + (𝝁𝟎 − 𝝁𝒊𝒏𝒇 )(𝟏 + (𝝀𝜸)𝟐 )

𝒏!𝟏
𝟐

Equation 3

In some situations, the fluid viscosity is time dependent, which means the fluid shear
thins or thickens as a function of time. Therefore, a time factor needs to be added into the
generalized Newtonian fluid shear stress model [41]:

𝝉 = 𝒌 𝜸 𝒏 𝒕!𝒎 + 𝝉𝟎

Equation 4

where t is shearing time and m is a dimensionless thixotropic index. According to Chen et al
[42]

, this equation has been utilized with various degrees of success for the characterization of

time-dependent behavior of liquid food products. However, there are two drawbacks of this
equation. First, the equation cannot be utilized to describe the equilibrium viscosity of the
10

fluid. As time becomes very large, the second term on the right side of the equation reduces
to zero and the fluid viscosity is only dependent upon the yield stress, which is untrue. The
other drawback is that this equation is not valid for the characterization of the recovery of
viscosity. In extrusion-based DW, viscosity of the ink dramatically increases as soon as the
shear ceases and directly after deposition onto the substrate. Models based on structural
theory can compensate for these drawbacks. There are various forms of the structure models,
but the basic concept is the following proposed by Cheng and Evans [43]:
𝝉 = 𝜼 𝜸, 𝝀 𝜸

𝒅𝝀
𝒅𝒕

= 𝒈(𝜸, 𝝀)

Equation 5

Equation 6

where 𝜆 is the structural parameter and g is the rate of change function for the structural
parameter. However, even with the above models, the characterization of flow behavior is
still a challenging task. The rheological behavior may depend not only on temperature but
also on the shearing time and material systems. There is no universal equation applicable to
all fluids.
For all the equations mentioned above in this session, their model parameters can be
acquired via rheology experiments. For example, by plotting the apparent viscosity versus
shear rate of a fluid via steady shear experiment, flow consistency index K and power law
index in the power law model can be determined by fitting the curve.
Despite the empirical modeling methods that are not based on the viscosity model and
ignored the physics of the flow dynamics, both analytical and numerical modeling methods
have been studied for paste extrusion. Mingyang Li worked on the analytical modeling of
extrusion force for aqueous-based ceramic pastes

[44]

. The model is based on a modified

version of the Herschel-Bulkley model described above and the Cauchy momentum
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equations. In cylindrical coordinates, the continuity and Cauchy momentum equations

[45]

after derivations are:

Continuity:
𝝏𝒑
𝝏𝒕

𝟏 𝝏

𝟏 𝝏

𝝏

+ 𝒓 𝝏𝒓 𝒓𝝆𝒖𝒓 + 𝒓 𝝏𝜽 𝝆𝒖𝜽 + 𝝏𝒛 (𝝆𝒖𝒛 ) = 𝟎

Equation 7

Momentum r direction:
𝝏𝒖𝒓
𝝏𝒕

+ 𝒖𝒓

𝝏𝒖𝒓
𝝏𝒓

+

𝒖𝜽 𝝏𝒖𝒓
𝒓 𝝏𝜽

+ 𝒖𝒛

𝝏𝒖𝒓
𝝏𝒛

−

𝒖𝟐𝜽
𝒓

𝟏 𝝏𝑷

𝟏 𝝏 𝒓𝝉𝒓𝒓
𝝏𝒓

= − 𝒑 𝝏𝒓 + 𝒓𝝆

𝟏 𝝏𝝉𝜽𝒓
𝝏𝜽

+ 𝒓𝝆

𝟏 𝝏𝝉𝒛𝒓

+𝝆

𝝏𝒛

−

𝝉𝜽𝜽
𝒓𝒑

+ 𝒈𝒓

Equation 8
Momentum 𝜃 direction:
𝝏𝒖𝜽
𝝏𝒖𝜽 𝒖𝜽 𝝏𝒖𝜽
𝝏𝒖𝜽 𝒖𝒓 𝒖𝜽
+ 𝒖𝒓
+
+ 𝒖𝒛
+
𝝏𝒕
𝝏𝒓
𝒓 𝝏𝜽
𝝏𝒛
𝒓
=−

𝟏 𝝏𝑷 𝟏 𝝏 𝝉𝜽𝜽
𝟏 𝝏(𝒓𝟐 𝝉𝒓𝜽 ) 𝟏 𝝏𝝉𝒛𝜽
+
+ 𝟐
+
+ 𝒈𝜽
𝒓𝒑 𝝏𝜽 𝒓𝝆 𝝏𝜽
𝒓 𝝆
𝝏𝒓
𝝆 𝝏𝒛
Equation 9

Momentum z direction:
𝝏𝒖𝒛
𝝏𝒖𝒛 𝒖𝜽 𝝏𝒖𝒓
𝝏𝒖𝒛
𝟏 𝝏𝑷 𝟏 𝝏 𝝉𝒛𝒛
𝟏 𝝏𝝉𝜽𝒛
𝟏 𝝏𝒓𝝉𝒛𝒓
+ 𝒖𝒓
+
+ 𝒖𝒛
=−
+
+
+
+ 𝒈𝒛
𝝏𝒕
𝝏𝒓
𝒓 𝝏𝜽
𝝏𝒛
𝒑 𝝏𝒛 𝝆 𝝏𝒛
𝒓𝝆 𝝏𝜽
𝒓𝝆 𝝏𝒓
Equation 10

where r is the radial axis in cylindrical coordinate system, 𝜃 is the angular axis, z is the axial
axis, t is the time, P is the pressure, g is the gravitation, u is the velocity, and ρ is the density.
Dimos et al.

[46]

have experimentally investigated the influence of rheology on line

resolution and surface topography of printed material for extrusion-based DW. For the
pressure-driven dispensing system, a combination of proper air pressure, printing velocity,
ink properties, and distance of the nozzle tip from the substrate determines the structure of
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final pattern. Among ink properties, viscosity and surface wettability influence the final shape
of printed features and the resolution of extrusion-based DW process.
1.6

Research motivation
Although extrusion-based DW has a history of around 25 years, it was only

introduced in areas other than ceramic fabrication in the past decade. Much of the functional
material printing area remains underdeveloped for this new technology. The advantages and
shortcomings of extrusion-based DW over other additive manufacturing technologies for
various applications need to be understood and established.
Recent trends of additive manufacturing tend to utilize multiple fabrication principles
simultaneously to produce parts with novel structure and excellent material properties [4]. The
integration of extrusion-based DW with other additive manufacturing technologies, such as
stereolithography (SLA) and digital light processing (DLP), have not been well studied and
developed.
Furthermore, the inks used in extrusion-based DW are often non-Newtonian fluids
with high viscosity. Trial-and-error has proven to be an ineffective way of manipulating the
flow

[47]

. It is of interest to study the fluid dynamics of the printing by modeling the

dispensing and surface wetting process in order to have better control and prediction over fine
resolution printing.
The research goals of this Ph.D. thesis are to develop and promote extrusion-based
DW for various applications and to understand the printing mechanism including dispensing
and surface wetting. The research includes the following: investigating the resolution limit
and printing mechanism of extrusion-based DW, extrusion-based DW fabrication and
performance study of various electronic components and sensors, exploration of a novel UVassisted extrusion-based DW technique for polymer-bonded magnet fabrication, and
modeling approach of extrusion-based DW process using meso-scale simulation.
13

Three applications, namely, wear sensor, temperature sensor, and bonded magnets,
were explored using extrusion-based DW. The second to fifth chapter herein detail research
results and analysis.
In the second chapter, the printing mechanism of extrusion-based DW was studied
and modeled from fundamental fluid dynamics perspectives. This chapter will emphasize on
the process approach to print high-resolution of interconnects through extrusion-based DW
and compare to inkjet printing resolution.
Applying the principles learned from chapter two, the third chapter will present the
DW fabrication process of a conformable wear sensor, consisting of high-density
interconnects and printed resistors. Performance review will be presented along with a
comparison to a similar sensor via a hybrid (commercial pick-and-place resistors) approach.
The fourth chapter will present the fabrication and performance evaluation of
extrusion-based DW printed resistance temperature detector (RTD). The RTD was directly
printed onto a ceramic sheet. Repeatability and durability of the printed temperature sensor
was evaluated and compared to a commercial thermocouple (TC).
In the fifth chapter, a novel 3D multilayer fabrication technique combining extrusionbased DW and layer-by-layer photo curing will be presented. A custom-made rheologically
tailored and particle size optimized spherical isotropic magnetic particle suspension was
created and implemented to enable 200 µm layer thickness printing. The technique was
evaluated and compared to existing additive manufacturing magnet-printing techniques.
Furthermore, the mechanical properties of printed magnets were characterized.
In the sixth chapter, we presented fabrication of highly dense isotropic Nd-Fe-B
photopolymer-bonded magnets via UV-assisted direct write, and showed product
performance improvement over magnets made out of spherical powder. This narrates a
process and performance improvement project over the previous chapter. Further, the
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intrinsic coercivity and remanence of UADW magnets normalized by the raw powder values
outperform values reported in the literature for magnets prepared from other additive
manufacturing methods, including big area additive manufacturing (BAAM), fuseddeposition modeling (FDM), selective laser sintering (SLS), binder-jet, and thermal curing
direct write.
Future directions of my research, included in the last chapter, consist of validation of
detailed simulations, new concepts of printing anisotropic magnetic particle suspensions and
other extrusion-based DW plans. Preliminary efforts on simulating the dispensing, in-air
thinning, and fluid spread process in an all-inclusive approach, by using fundamental fluid
mechanic principles, will also be included in this chapter.
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2 Direct Write Process Optimization and Fabrication of HighDensity Interconnects
2.1

Introduction
Many industrial applications require sensors to monitor wear of components. In any

industrial application with two or more components in physical contact, relative rotation or
translation motion between the components can result in excessive wear of the surface or top
coating

[48]

. Such wear can eventually affect the performance of the components, system, or

assembly. Various approaches aim to control the amount of wear within acceptable limits: for
example, via use of lubricants or via material or design specifications. Applications that
require relative motion to perform (e.g., brake linings, gears, and sliders) must monitor
inevitable wear of components for risks to performance. Current strategies to monitor the
health and usability of components include wear indicators [49] and inspection, the latter often
proving infeasible due to, e.g., time, labor, cost, and down time disruptions. The myriad
industrial applications in which component wear must be monitored means high demand for
wear sensors that can be embedded without removing components from their operational
positions. Typical design for an embedded, wear-monitoring system employs a circuit with
narrow, closely spaced conductive leads deployed near the surface and connected to a set of
parallel resistors (Figure 2). Wear due to relative motion progressively removes material,
cutting the conductive leads in succession. Removal of each conductive lead increases total
resistance and thus changes the measured voltage. The sensitivity of a sensor of this design
correlates with the size and spacing of the conductive leads: the thinner the line width and
narrower the line-to-line spacing (center-to-center spacing between two adjacent interconnect
traces), the higher the resolution of a sensor.
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Figure 2. Schematic diagram of a wear sensor design, in which the conductive interconnects
(in red box) are fabricated by extrusion-based direct write (DW) method. As wear occurs, the
conductive interconnects are progressively removed in the direction of wear, leading to step
changes in resistance. The resolution of this sensor design depends on the line width and lineto-line spacing of the interconnects.

Direct Writing (DW) offers an attractive method for manufacturing wear sensors of
this design. DW enables the fabrication of sensing devices conformal to the product surface
or embedded within the product structure

[50]

. Such additive processes minimize material

waste and tooling requirements and speed processing time. The advantage of utilizing
extrusion-based DW in fabricating interconnects was discussed in section 1.4. Given its
advantages, extrusion-based DW technology offers a promising method to produce highresolution wear sensors.
This study aims to evaluate the feasibility of extrusion-based DW technology for
creating wear sensors, while increasing sensor resolution via reduced line width and line-toline spacing, both critical to performance. To our knowledge, this is the first study to achieve
a line width of 15 µm and a line-to-line spacing of 50 µm using extrusion-based DW
technology. We focus on material characterization as well as processing-structure-properties
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relationships in direct writing interconnects for wear-sensor applications. Furthermore, we
explore the effect of process parameters on the cross-sectional profile of printed lines.

Figure 3. Schematic diagram showing the step-by-step procedure to direct write high-density
parallel interconnects.
2.2

Experimental Methods

Materials: Silver is chosen as the conductive material for this application due to its high
electrical conductivity (6.3×107 S/m [51]) and wide availability as an extrusion-based DW ink.
A total of five commercially available silver-based inks were studied: a silver-epoxy-based
ink (Ink A; ESL1120), a silver-platinum-based ink (Ink B; ESL9595A), a silver-based ink
(Ink C; ESL9912K-FL), a silver ink designed for screen-printing (Ink D; DuPont C028), and
a silver ink designed for Optomec Aerosol Jet system (Resin Design E8074). The E8074 ink
was centrifuged at 4000 rpm for 20 minutes using Thermo Electron Corporation 8464 multicentrifuge to create a higher viscosity “Ink E.” In this study, inks were deposited onto 99%
alumina plates of 0.025” thickness.
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Particle size distribution and rheological measurements: Light scattering analysis was
performed using an ALV/CGS-3 compact goniometer to determine the particle size
distribution. The scattering analysis assumes the particles are spherical. In a typical light
scattering experiment, the ink was diluted 1 million times before measurements.
Thermogravimetric analysis (TGA) was performed from 25 °C to 650 °C in nitrogen to
quantify the inorganic particle content in each ink. Steady shear viscosities, small-amplitude
oscillatory time sweep, and strain sweep experiments (at a fixed frequency of 0.01 Hz) were
measured using an AR-G2 rheometer (TA Instruments) at 25 °C. Parallel plate fixture
(diameter: 40 mm) was used with a test gap of 600 µm. For steady shear tests, viscosities
were measured from high to low shear rates (from 100 s-1 to 0.01 s-1). A strain amplitude of
0.1% and a frequency of 0.01 Hz were used for oscillatory time sweep experiments.

Direct-write printing: The process mechanism and printer assembly features have been
explained in Section 1.2 previously.
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Figure 4. a) Schematic diagram illustrating the extrusion-based DW mechanism of the nScrypt system. b) Control volume considered in the COMSOL simulations based on the
actual geometry and dimensions of the n-Scrypt system. Valve opening is not shown, and the
dimensions are in mm.

COMSOL simulations: Trial-and-error has proven to be an inefficient way to optimize
process parameters for DW

[52]

. Due to the complicated geometry within the assembly and

non-Newtonian fluid behavior, finite-element-based simulations were carried out to
understand the printing process and, more specifically, to calculate the theoretical volumetric
printing flow rate. Figure 4b shows the ink fluid body inside the print head assembly. A
power-law fluid model was chosen with model coefficients, namely, flow consistency index
(K) and power law index (n), determined from experimental rheology data. A non-slip
boundary condition at all internal walls was assumed. An inlet pressure of 40 psi, similar to
experiments, was assumed. The volumetric flow rate of the ink was simulated for different
valve openings. Ink density is estimated to be 4.5 g/cm3.
Cross-sectional area measurements: Immediately after printing, the cross-sectional area of
the printed silver lines was measured using a Keyence VHX-600 optical microscope. For line
thicknesses less than 15 µm, a white light interferometer (Zygo NewView 7300)
20

measurement was also used to confirm accuracy. The total cross-sectional area is
approximated by the summation of the areas of multiple slices, where the line width is
multiplied by the slice thickness. Printing process was carried out at room temperature, and
solvent evaporation was assumed to be negligible. Traces from the first two seconds of
printing were not measured to eliminate transient effects. The experimental volumetric flow
rate was estimated by multiplying the experimentally measured cross-sectional area by the set
substrate translation speed. Experimental and simulated volumetric flow rates were compared
to understand the impact of outside nozzle parameters (e.g., dispensing gap, substrate speed)
on line definition and surface topographies.
Sintering and conductivity measurements: The printed lines were sintered following the
spec sheets provided by the ink manufacturers. Inks B and C were sintered at 625 °C in air
for 30 minutes. Inks A, D, and F were sintered at 160 °C, 150 °C, and 150 °C in air for 60
minutes, respectively. The electrical resistance of the sintered lines was measured using a
multi-meter (LG DM-311) probe station. For each experimental condition, the resistance of a
total of twenty 30-mm long silver lines was recorded. The average line resistivity and its
standard deviation were calculated to assess process repeatability.

2.3

Experimental results and discussion

Particle size distribution and rheology results: To select an appropriate nozzle size for
consistent printing, the particle size distribution of inks was characterized using light
scattering. As a rule of thumb, nozzle size has to be at least 15 times larger than the largest
particle size for continuous printing without clogging [13]. Figure 5a shows the light scattering
results. Of all the inks studied, Ink E has the largest average particle diameter (~1550 nm),
followed by Ink A (720 nm), Ink B and Ink C (474 nm), and lastly Ink D (334 nm). The
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average particle size in Inks B and C is similar, but Ink B has a wider particle size
distribution than that of Ink C. A small average particle size combined with a narrow size
distribution generally allows the use of a small nozzle and enables uninterrupted printing
without clogging. Based on the particle size analysis results, a nozzle with a 25-µm diameter
was down-selected to explore printing of narrow lines, while a 75-µm nozzle diameter was
used for printing actual sensors. TGA was carried out to estimate the initial solid loadings.
Nitrogen gas was used to prevent silver oxidation, and the experimental results are shown in
Figure 5b. A higher solid loading is desirable because a larger amount of conductive material
will remain after burning off the organic components. However, highly concentrated inks also
require a higher printing pressure, and the chance of nozzle clogging increases. Of all the
inks, Ink A has the lowest solid loading at only 20% by weight; whereas Ink E has the highest
loading, with close to 90% of the initial mass remaining after the TGA experiment. Inks B
and C have a similar loading at 86%, and Ink D has a loading of 78%. Overall, Ink C has the
second highest loading, second smallest average particle size, and the narrowest
distribution—all desirable qualities for printing fine conductive lines consistently.
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Figure 5. a) Particle size distribution of silver particles in the five inks characterized using
light scattering. b) TGA results of the five inks from 25 °C to 625 °C in nitrogen showing the
difference in initial solid loading.
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Figure 6. a) Apparent shear viscosity as a function of shear rate measured at 25 °C. All five
inks exhibit different degrees of shear-thinning behavior, and the low-shear viscosity also
24

varies. b) A plot of shear stresses as a function of shear rates used for estimating the yield
stresses for different inks at 25 °C. c) Elastic modulus (G’) as a function of strain, showing
non-linear behavior above a critical strain. Frequency: 0.01 Hz; temperature: 25 °C. d) Elastic
modulus (G’) as a function of time showing the time evolution and stability of the inks. Strain
amplitude: 0.1%; frequency: 0.01 Hz.

Figure 6 summarizes the experimental rheology data of all inks. In terms of steady
shear rheology, all inks exhibited a shear-thinning behavior (i.e., viscosity decreases as the
shear rate increases) within a shear-rate range of 0.01 to 100 s-1. A higher viscosity at low
shear rate (𝛾 < 1 s-1) helps retain the shape of printed patterns as the shear rate decreases after
the ink exits the nozzle. This is consistent with the experimental observation that Inks A and
D spread to a larger extent on the substrate (due to gravity and surface wetting) compared
with Inks B and C (Figure 7). Inks B and C have better shape retention after printing.
Although Ink E has the highest low-shear viscosity, it tends to clog the nozzle due to high
solid loading and large particle size. A bigger nozzle with a diameter of 125 µm was used for
printing Ink E. Inks B and C have similar average particle sizes and solid loadings with Ink B
having a lower viscosity at a low shear rate. This is attributed to the “Farris effect,” which
suggests a broader particle size distribution will result in a lower viscosity, because smaller
particles can fill the interstitial spacing between the larger particles

[53]

. Ink C is the most

desirable ink from a rheology perspective. Except for Ink A, all inks show no clear plateau at
low or high shear rates, suggesting that the ink rheology can be described using a power-law
fluid model:

𝜼 = 𝑲(𝜸)𝒏!𝟏

Equation 11
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Where 𝜂 is the viscosity, K is the flow consistency index, 𝛾 is the shear rate, and n is the
power law index. The best-fit K- and n- values for each ink are tabulated in Table 2. All nvalues are smaller than 1, and the smaller the n-value, the higher degree of shear thinning.

Figure 7. Cross-sectional profile of silver inks deposited on alumina (prior to sintering),
measured using a Keyence VHX-600 optical microscope. Valve opening: 0.1 mm; inlet
pressure: 40 psi (except for Ink A, 15 psi was used due to the low viscosity); nozzle diameter:
75 µm (except for Ink E, a larger nozzle diameter of 125 µm was used to avoid clogging);
substrate speed: 20 mm/s; dispensing gap: 50 µm.
Table 2. The estimated silver content by weight from TGA, average particle diameter, yield
stresses, and power-law fluid indices (K- and n-values) of the five inks studied. *Ink A, D,
and E contain epoxy and Ink B contains platinum.

Ink name

Silver content
(%)

Average particle
diameter (nm)

Yield stress (Pa)

Ink A
Ink B
Ink C

20
81
82

720
474
474

N/A
84
287

Flow
consistency
index K (Pa.sn)
18.7
389
711

Ink D
Ink E

78
88

334
1550

14
455

52.8
757

Power law index
n
0.717
0.306
0.207
0.380
0.076
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The yield stress for the inks, defined as the shear stress at a zero shear rate, may be
estimated by plotting shear stress data against shear rates, as shown in Figure 6b. The inks in
this study have a yield stress ranging from nearly 0 Pa to 455 Pa, as summarized in Table 2.
Caution, however, should be taken with Ink A, because no clear plateau was observed at low
shear rates. The method of determining the yield stress from Figure 6b could be
compromised, because the slope of the stress-strain rate plot may change significantly below
a shear rate of 0.01 s-1. In addition to steady shear measurements, oscillatory shear tests were
performed to determine the linear viscoelastic regime (Figure 6c) and to measure the elastic
modulus (G’) as a function of time (Figure 6d). At small strain amplitudes, the magnitude of
the elastic modulus (G’) is independent of strain, as shown in Figure 6c. However, as strain
amplitude increases above a certain critical value, the modulus decreases, suggesting a strainsoftening behavior. The linear viscoelastic regime is defined as the strain below this critical
value, which varies from 0.013% to 0.25% for studied inks in Table 3. It is worth noting that
unstable, highly flocculating suspensions tend to have a smaller critical strain

[54]

. From the

strain sweep data, strain amplitude of 0.01% and a frequency of 0.01 Hz were identified for
measurement of the elastic modulus as a function of time. As shown in Table 3, Ink C has the
second highest silver loading, second smallest particle diameter, and second highest apparent
viscosity at low shear (0.1 s-1). Based on these results, Ink C has been further selected as the
model ink for DW experiments to better understand the influence of printing parameters on
ink volumetric flow rate and printed line topographies. Additionally, experimental results in
Figure 6d suggest all inks thicken to some extent on a time scale of 10 minutes, especially for
Ink A where its elastic modulus doubles.
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Table 3. Rheological properties of the DW inks: namely, apparent shear viscosity at 0.1 s-1
(ηapp), critical strain, elastic modulus at different times and the corresponding percent change.

Ink name

ηapp (Pa.s)
-1

Linear strain
regime (%)

G’ (Pa) at 0
min

G’ (Pa) at 10
min

% change in G’

-2

6.3 x10
-2
1.3 x10

194
23560

404.5
30200

108%
28%

-1

16220

17070

5%

-2

20
2266

21.91
2541

10%
12%

Ink A
Ink B

at 0.1 s
45.5
1702

Ink C

4075

2.0 x10

Ink D
Ink E

227
6285

1.6 x10
2.5 x10-2

Effects of valve opening and printing speed: The printed line width depends strongly on
ink rheology, as well as on printing parameters such as inlet pressure, valve opening, and the
substrate’s translation speed. Intuitively, narrow lines can be produced by reducing the
volumetric flow rate and/or by increasing the substrate speed. As a validation, Figure 8b
compares the simulated and experimental volumetric flow rates as a function of valve
opening. The experimental volumetric flow rate was estimated by multiplying the line’s
cross-sectional area by the translation speed. For the data in Figure 8b, dispensing gap was
set to 200 µm and substrate speed was set to 5 mm/s. As shown in the figure, a larger valve
opening results in a high volumetric flow rate. This trend is in agreement with COMSOL
simulations for the volumetric flow rates assuming Ink C as a power-law fluid with K = 711
Pa s0.207 and n = 0.207 (as determined from rheology experiments in Section 3.1). However,
the simulated flow rate is consistently smaller than the experimentally measured flow rate for
all valve openings. Such discrepancy is probably due to: (i) possible slippage at the wall,
and/or (ii) the use of a power-law fluid model, in which the apparent viscosity increases to
infinity as the shear rate approaches zero, resulting in an over-estimation of viscosity at low
shear rates. The end result is an under-estimation of the volumetric flow rate, as the
volumetric flow rate is inversely proportional to the viscosity. Also of relevance is the fact
that the simulated volumetric flow rate does not account for the effects of dispensing gap and
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substrate translation speed. Small dispensing gap could result in a backpressure at the nozzle
tip, while high substrate speed may result in line breakage.
Figure 8c shows the effects of substrate speed and dispensing gap on the crosssectional area. As the translation speed of the substrate increases, the cross-sectional area
decreases at a fixed flow rate. This process is analogous to the drawing process in fiber
spinning

[55,56]

. Based on COMSOL simulations, the mean velocity at the nozzle exit is

estimated to be 2.1 mm/s (v* = Q / Anozzle). Assuming a perfect adhesion between the printed
line and the substrate, the linear translational print speed at 5, 10, 15, and 20 mm/s
corresponds to a draw ratio of 2.38, 4.76, 7.14, and, 9.50, respectively. A higher draw ratio
leads to a smaller cross-sectional area. In terms of gap size between the print nozzle and the
substrate, the cross-sectional area decreased from 1978 µm2 to 1351 µm2 as the gap reduced
from 100 µm to 20 µm (for a fixed print speed of 5 mm/s). This may be explained by the
geometric constraints and the presence of a backpressure at the nozzle exit, as the vertical
position of the substrate remains constant during printing. The inlet pressure, valve opening,
dispensing gap, and print speed were varied systematically to improve the printing conditions
for Ink C.
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Figure 8. a) Simulated velocity profile (in the z-direction) for Ink C with a valve opening of
0.1 mm, an inlet pressure of 40 psi, and a nozzle diameter of 75 µm. b) Comparison between
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the simulated volumetric flow rate (Qs) and experimentally measured volumetric flow rate
(Qexp) for different valve openings. Qexp was calculated from material balance by multiplying
the cross-sectional area by the substrate speed. Substrate speed: 5mm/s; dispersing gap:
200 µm. c) Cross-sectional areas of printed silver lines (pre-sintering) versus substrate speeds
for different dispensing gaps ranging from 20 µm to 100 µm. Valve opening: 0.1 mm; inlet
pressure: 40 psi; nozzle diameter: 75 µm. Connected lines are added to guide the eyes. d)
Volumetric flow rates as a function of substrate speeds for different dispensing gaps. Valve
opening: 0.1 mm; inlet pressure: 40 psi; nozzle diameter: 75 µm. Connected lines are added
to guide the eyes.
Figure 8d compares the simulated volumetric flow rate (Qs) with the experimentally
measured volumetric flow rate (Qexp) for different substrate translation speeds. At a substrate
speed of 5 mm/s, Qexp matches closely with Qs for a dispensing gap of 60 µm and 100 µm;
whereas Qexp is smaller than Qs for smaller dispensing gaps of 20 µm and 40 µm. At a
substrate speed larger than 5 mm/s, the Qexp values are larger than the simulated Qs values.
The COMSOL simulation assumes the substrate speed has no effects on the printing flow
rate. However, the difference between Qexp and Qs clearly suggests the substrate has a nonnegligible effect on the actual volumetric flow rate during printing. Figure 8a illustrates
different pressures or forces that may exist at the print nozzle during the printing process;
namely, the pressure generated by the air pressure (Pfeed), pressure exerted by the deposited
ink due to the relative motion between the nozzle head and the substrate (Pink), and
backpressure (Pback). COMSOL simulations in this study only consider the flow rates induced
by Pfeed, which is the dominant pressure for large gaps and slow substrate speeds. However,
Pback increases as a function of decreasing dispensing gap, and the presence of a backpressure
will explain the smaller volumetric flow rates in the cases of 20-µm and 40-µm gaps. At high
substrate translation speeds, the ink adhered to the substrate exerts a force pulling on the ink
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at the nozzle and consequently leading to a higher flow rate. Similar behavior has been
documented in the polymer fiber spinning literature [57,58]. The magnitude of force depends on
the dispensing gap, which changes the angle of extrusion, as well as the rheology or
“stretchability” of the ink. The force is advantageous for reducing the cross-sectional area as
discussed previously, but exceedingly high substrate speed will also result in instability and
possible ink fracture, as evidenced in Figure 9b. Our experimental findings suggest the best
dispensing gap for printing narrow lines is around 60-70% of the nozzle diameter. Narrowest
lines in this study were obtained using a 25-µm diameter nozzle, an inlet pressure of 40 psi, a
valve opening of 0.1 mm, a dispensing gap of 20 µm, and a substrate speed of 20 mm/s. The
full set of experimental data is included in Supporting Information for completeness.
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Figure 9. a) Schematic diagram illustrating different forces or pressures at play during the
DW process. The interplay of these forces has important implications on the printing flow
rate, line width, and DW consistency. b) Reflected optical micrograph of DW silver lines on
an alumina at exceedingly high substrate speed of 30 mm/s speed (equivalent to a draw ratio
of 14). Inlet pressure: 40 psi; nozzle diameter: 75 µm; valve opening: 0.1 mm; dispensing
gap: 60 µm gap. c) Measured resistance of post-sintered DW silver lines versus crosssectional area. Line length: 30 mm; Ink C.
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Printed Structure Characterization: The electrical resistance of the sintered silver lines
was measured at room temperature as shown in Figure 9c as a function of cross-sectional area
for 30-mm lines. Bulk resistivity of the lines was then calculated from this data. An average
electrical resistivity of 5.29 x10-8 Ω·m (about three times the literature value of bulk silver
resistivity [51]) with a standard deviation of 3.68 x10-9 Ω·m was achieved. The high
conductivity of printed silver traces enables high accuracy and reliability of sensors. Figure
10a shows a 2D optical image of DW silver lines after sintering. A center-to-center line
spacing of 150 µm was specified in the design, and an actual line width of 95 µm was
achieved post-sintering with a 75-µm inner diameter nozzle. The closest distance between the
lines is on the order of 15 µm. Subsequent electrical measurements showed no apparent signs
of shorts between the parallel lines. A smaller 25 µm diameter nozzle has additionally been
utilized to print narrower lines. Figures 10b and 10c show optical images of the printed lines
before and after sintering, respectively. The as-printed line width is ca. 26 µm and shrunk to
about 15 µm after sintering. The measured average center-to-center line spacing is about 50
µm. Small line-spacing enables high resolution sensing during wear events. Line thickness
was measured to be 12 µm before sintering and 8 µm after sintering.
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b)

c)

Figure 10. a) Optical image of printed silver lines showing a ca. 150-µm center-to-center line
spacing (post-sintering). Nozzle dia.: 75 µm. b) and c) are optical micrographs of silver lines
with a 50 µm center-to-center line spacing, printed using a 25-µm nozzle, before and after
sintering, respectively. d) 3D white light interferometry image of printed interconnect traces
after sintering at 625 °C in air for 30 minutes. Inlet pressure: 40 psi; valve opening: 0.1 mm;
dispensing gap: 60 µm; substrate speed: 30 mm/s; Ink C.
2.4

Conclusions
This study demonstrates feasibility of the extrusion-based DW method for creating

high-density silver lines for wear-sensor applications. We characterized five commercially
available silver inks for rheology and particle size distribution and chose Ink C for its
relatively high silver loading, low-shear viscosity, small particle size, and narrow particle size
distribution. We used COMSOL to simulate volumetric flow rates during the DW process,
assuming Ink C as a power-law fluid, and compared simulated versus experimentally
measured volumetric flow rates at different valve openings, dispensing gaps, and substrate
speeds. Our simulations accurately predicted experimental results, showing larger valve
openings led to larger volumetric flow rates. Simulated flow rates, however, proved
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consistently smaller than those observed experimentally, likely due to assuming a power-law
fluid and non-slip boundary conditions. Our tests of different substrate translation speeds
showed higher speeds resulted in printed lines with smaller cross-sectional areas, a trend
successfully captured by our COMSOL simulations. Increases in substrate speed also
correlated with increases in volumetric flow rates, possibly due to tension exerted by the
printed lines adhered to the substrate. Extremely high substrate speed resulted in ink fracture
and discontinued lines due to the increase in force exerted on ink in air by ink adhered to the
substrate. A small dispensing gap of about 50% of print nozzle diameter created backpressure
close to the nozzle and thus reduced printing flow rates. In summary, we conclude a small
gap and high substrate speed are desirable for printing high density interconnects. Using the
chosen ink and a 25-µm nozzle, we achieved 15-µm silver lines with line spacing of 50 µm.
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3 Fabrication of a wear sensor using fine resolution printing
principles
3.1

Introduction
In the previous chapter, we discussed the importance of high-resolution parallel

interconnects in wear sensor designs and demonstrated the fabrication of printing 15 µm line
width and 50 µm center-to-center spacing parallel interconnects. Direct writing has been
utilized to fabricate sensing devices that are conformal to product surface or embedded into
product structure

[59,60]

. This chapter proposes a design for a wear sensor that can be

additively manufactured. Two sensor prototypes that were fabricated for in-situ monitoring of
wear events are demonstrated with testing results.
Use of passive clearance control through application of thermal sprayed abradable
coatings has been highly successful and widely used in compressors and other hot sections of
gas turbines. The wear mechanism that occurs in abradable seals has been well studied
[61,62,63]

. Moreover, many sensing techniques have been developed and tested for detection of

wear events. Nondestructive micromechanical resonant vibration sensors have the advantages
of good signal-to-noise ratio for selected frequencies and good resolution capability

[64,65]

.

However, an increase in signal level already indicates damage to parts. A thin film abradable
sensor based on the wear of a single resistive stripe was developed as a destructive wear
sensor [66]. An embedded wear detection sensor that is composed of a couple of resistor loops
was manufactured using photolithography technology

[67]

. Compared to the distinct parallel

trace layout proposed in this paper, both sensors utilize the increase in the resistance of a
single trace as its cross section is reduced by wear. Therefore, they highly rely on the
uniformity of the trace thickness. A false alarm could happen with these sensors if a trace is
ruptured by local stress before it is completely cut by wear. An additively manufactured high
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resolution discrete wear sensor, which can be embedded for real time wear monitoring, has
not been published earlier to the best of the authors’ knowledge.
3.2

Sensor Design and Fabrication
Wear sensors are used in various applications to detect amount of wear that a

stationary abradable material experiences when it rubs against a more abrasive material in
motion. The rubbing event generates a groove in the abradable material that can be detected
in real time using a sensor. The schematic of such a wear sensor design is shown in Figure
11. It consists of a circuit with closely spaced and narrow interconnect traces connected to a
set of parallel resistors. The circuit is usually embedded or disposed proximate the surface of
the abradable material so that relative motion cuts through the interconnect traces during the
abrasion of the material. The parallel resistor combination has an initial combined resistance
between the source and drain of the sensor. As wear occurs, the interconnect traces are
progressively removed along wear direction, resulting in a higher combined resistance.
Hence, the combined resistance variation can be used to determine the groove depth.
Assuming the printed interconnect traces are cut instantaneously, the sensor resolution
depends on the center-to-center spacing between them.
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Figure 11. Schematic of a wear sensor design. Resistors can either be printed, or picked and
placed using commercial surface mount devices. Direct writing is used to fabricate the

39

interconnect traces. The closely spaced interconnect traces determine the sensor resolution
and are shown in the red box.
Resistors with equal values could have been used to simplify the implementation.
However, equal resistor values lead to nonlinear variation in the combined resistance as well
as non-uniform voltage resolution and detection accuracy as the resistors are sequentially
eliminated. Therefore, the resistor values can be selected so that the variation of the combined
resistance will be linear. The resistor values as well as the resulting combined resistance
values are given in Table 4. These resistor values will cause the combined resistance to
change linearly, and hence voltage resolution and detection accuracy will be uniform as the
resistors are removed. However, the resistors represent a wide range of values, especially
when the number of resistors is large. This can be compensated by printing resistors with
small and large values using inks with low and high resistivity, respectively.

Table 4. Resistor values that provide linear variation.
Resistor #

Resistor Values (Ω)

Combined Resistance (Ω)

1

R

R

2

(N-1)*R

(N-1)*R/N

3

(N-1)*(N-2)*R/N

(N-2)*R/N

…

…

…

N-1

6*R/N

2*R/N

N

2*R/N

R/N

Two-dimensional optical images of extrusion based direct write printed wear sensors,
one with commercial resistors and the other with printed Ruthenium resistors are shown in
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Figure 12 and Figure 13, respectively. High density interconnect traces with center-to-center
spacing of 200 µm were printed using a 75 µm inner diameter nozzle. An actual interconnect
trace width of 95 µm was achieved after post-sintering. A zoomed view of the printed
interconnect traces is shown in Figure 14 for the wear sensor with commercial resistors.

Figure 12. Direct write printed wear sensor with commercial resistors.

Figure 13. Direct write printed wear sensor with printed resistors. The resistors are printed
with Ruthenium resistive ink (black color) and the interconnect traces are printed with high
conductivity silver ink.
Surface mount commercial resistors were attached to the pre-printed silver traces
using pick and place method. The resistor values that lead to linear variation of the combined
resistance are computed based on Table 4 for N=15 and R=1,000 Ω. The modeled resistor
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values and the commercial resistor values selected to match them are shown in Table 5. This
design with known resistor values serves as a baseline.

Figure 14. Zoomed view of the printed interconnect traces after printing and sintering (trace
spacing of 200 µm and trace width of 95 µm).
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Table 5. Resistor values for the commercial resistor design.
Resistor #

Modeled Resistor
Value (Ω)

Commercial Resistor
Value (Ω)

1

1,000

1,000

2

14,000

13,700

3

12,133

12,100

4

10,400

10,500

5

8,800

8,870

6

7,333

7,500

7

6,000

6,040

8

4,800

4,750

9

3,733

3,740

10

2,800

2,800

11

2,000

2,000

12

1,333

1,330

13

800

806

14

400

402

15

133

100

A cermet silver based ink, ESL-9912K-FL, which has an excellent fine-line
capability, was selected as a printing material for interconnect traces. The ink has apparent
viscosities on the order of 104 Pa·s and 100 Pa·s at a low shear rate of 0.01 Hz and a printing
shear rate of 50 Hz, respectively. The influence of ink rheology on trace resolution and
surface topography of printed material was investigated earlier for extrusion-based directwriting

[13]

. It is suggested that the apparent viscosities at low shear rates of less than 1 Hz
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strongly influence trace widths, resolution and surface topographies. Pastes with higher
viscosity at low shear rates yield higher resolution patterns. The process parameters for
printing the silver traces are 75 µm inner diameter nozzle, 20 mm/s substrate moving speed,
40 psi feed pressure, 0.1 mm valve opening and 20 µm dispensing gap, which were obtained
by parametric studies. In the commercial resistor design, the printed silver traces were
sintered in air at 625°C peak temperature for 15 minutes with 20°C/min ramp rate from room
temperature, before the commercial resistors with appropriate values were soldered into the
circuit. In the printed resistor design, a nanoparticle based Ruthenium resistor ink, ESL-3111,
which has a sheet resistance of 10 Ω/sq, was used to print the resistance traces. The process
parameters for printing the Ruthenium resistors are 125 µm inner diameter nozzle, 20 mm/s
substrate moving speed, 40 psi feed pressure, 0.15 mm valve opening and 20 µm dispensing
gap. The Ruthenium ink is sintered at the condition identical to that of the silver ink, which
allows for in-situ interconnect and resistor trace printing as well as co-sintering. Traces were
printed on a surrogate Corning Macor machinable glass ceramic substrate. The nozzle speed
varies along a printed resistor trace due to nozzle acceleration and deceleration at the start
and end of the trace. This caused the resistor traces to have larger cross-sectional areas at
either end as shown in Figure 13. Thus, the silver traces were pre-printed to determine
resistor lengths with high accuracy. Then, the resistors were printed with traces starting and
ending outside the silver traces. This manufacturing process eliminates the trace ends from
the circuit and improves manufacturing tolerance. Due to restrictions on the device
fingerprint, resistors with higher values were designed to have serpentine pattern. During
printing of such designs, the nozzle slows down at corners, leading to larger cross-sectional
areas. The nozzle cannot be fully accelerated to the required speed while shorter resistor
traces are printed, causing larger cross-sectional areas as well.
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Assuming a uniform cross-sectional area along a resistor trace, a printed Ruthenium
resistor has an average resistivity of 70 Ω/mm with 7.5 Ω/mm standard deviation at 10 mm/s
substrate moving speed, 40 psi feed pressure, 0.2 mm valve opening and 100 µm dispensing
gap. Hence, the values computed based on Table 4 for N=15 and R=105 Ω were divided by
70 Ω/mm, and used as the lengths of the resistor traces. The lengths as well as the modeled
and measured resistor values of the resistor traces are given in Table 6.
Table 6. Resistor values for the printed resistor design.
Resistor #

Length of Resistor Modeled
Trace (mm)

Resistor Printed

Value (Ω)

Resistor

Value (Ω)

1

1.5

105

134

2

21.0

1,470

1,528

3

18.2

1,274

1,303

4

15.6

1,092

1,020

5

13.2

924

844

6

11.0

770

685

7

9.0

630

577

8

7.2

504

458

9

5.6

392

416

10

4.2

294

336

11

3.0

210

218

12

2.0

140

125

13

1.2

84

80

14

0.6

42

40

15

0.2

14

14
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3.3

Modeling and Measurement Results
In many applications, wear occurs as a rapid process that takes less than a second.

Thus, high speed data acquisition is needed to monitor such a rapid process. Keithley 2410
SourceMeter was utilized in four-probe measurement mode to measure and store sensor
voltage as a function of time. It could source constant current and sample voltage every 0.01
to 1 NPLC (number of power line cycles) corresponding to 167 µs to 16.7 ms in the U.S. It
offers many built-in features that enable to run complex test sequences without computer
control to reduce latency. A few important aspects need to be considered seriously when it is
used in fast measurements:
1) Measurement data should be collected and stored in the device memory
without computer control via GPIB communications to reduce latency.
2) Its auto-range capability should be disabled to avoid longer measurement
times.
3) Measured voltage variation should be sufficiently above measurement
accuracy to be able to detect it. The voltage measurement accuracy of the device is given
in Table 7 for various voltage ranges.

Table 7. Voltage measurement accuracy of Keithley 2410.
Range (V)

Accuracy

2.00000

±(0.012% + 300 µV)

20.0000

±(0.015% + 1.5 mV)

200.000

±(0.015% + 10 mV)

The experimental setup for wear testing is shown in Figure 15. The wear sensor is
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mounted flat onto a fixed stage during testing. Dremel MultiPro was attached to an x-y-z
head and used as a rotary tool to cut the interconnect traces at a constant feed rate of 0.1
mm/s. The source and drain of the sensor were connected to Keithley 2410 SourceMeter that
supplied constant current to the tested sensor and collected real time voltage data. Measured
voltage data was recorded as a function of time using LabVIEW. The sensor with commercial
resistors had an initial resistance of 57.2 Ω with the applied constant current of 10 mA. On
the other hand, the constant current applied by the sourcemeter to the sensor with printed
resistors was adjusted to match its initial voltage to that of the sensor with commercial
resistors. Therefore, the constant current supplied to the sensor with printed resistors was 100
mA. During measurements, the power supplied to the circuit was kept below 2 W to avoid
heat damage.

Figure 15. Experimental setup for wear testing.
The sensor is designed to detect abrasive wear in which two surfaces slide across each
other where one (hard) material digs in and remove some of the other (soft) material. The
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sensor enables discrete measurement of abrasive wear defined by the interconnect trace
spacing. Abrasive wear is dominant in manufacturing gas turbines where abradable coatings
are used to increase system efficiency. The sensor is fabricated on a surrogate Corning Macor
machinable glass ceramic material substrate that can be machined with ordinary
metalworking tools. The Macor substrate is strong and rigid. It does not creep or deform
during abrasive cutting. The sensor was cut with a 0.125 inch Dremel cutting bit at 700 rpm
and 100 µm/s feed rate. During wear testing, the bit abraded cleanly into the interconnect
traces and the substrate, causing no chipping or breakage. A zoomed view of the interconnect
traces and the substrate cut during wear testing is shown in Figure 16. The interconnect traces
are low-profile with thickness less than 25 µm. They usually form porous thin films that
remain on the substrate surface after sintering. This makes the interconnect traces machinable
and ideal for fabricating embedded sensors to detect abrasive wear.

Figure 16. Zoomed view of the interconnect traces and the substrate cut after wear testing.
A comparison between the voltage computed based on the sensor model and the
voltages measured on the sensors with commercial and printed resistors is shown in Figure 17
as a function of wear depth and time. A comparison of the voltage variation between the
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sensor model and the sensors with commercial and printed resistors is shown in Figure 18.
The voltage variation for the sensor with printed resistors is less uniform than that of the
sensor with commercial resistors. This is mainly due to the non-uniformity of the crosssectional areas of the resistor traces in the sensor with printed resistors. The resistor values in
the printed resistor design were much smaller than those in the commercial resistor design,
causing deviations in the combined resistance due to the parasitic resistances of the
interconnect traces. This is another reason for the voltage variation to be less uniform for the
sensor with printed resistors. Due to these reasons, measured data for the sensor with
commercial resistors agrees more closely with the sensor model than that of the sensor with
printed resistors.
The resistance of the device could change based on the temperature coefficient of the
resistance of the Ruthenium material when it is operated at a temperature higher than room
temperature. However, the exposed printed resistor length does not change. Thus, the
resistance ratio and the resistance variation uniformity remain stable during wear events
between individual cuts. This advantage results in the integrity of the wear sensor in a wide
temperature range.
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Figure 17. Voltage comparison between the sensor model and prototypes.

Figure 18. Comparison of the sensor voltage variation uniformity.
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3.4

Conclusion
Two wear sensor prototypes consisting of a set of parallel resistors, one with

commercial resistors and the other with printed Ruthenium resistors, were fabricated using
extrusion based direct writing. The sensors demonstrated real time and high resolution
detection of abrasive wear. The sensor with commercial resistors enabled more uniform
voltage variation and matched the sensor model more closely compared to the sensor with
printer resistors. This is because the cross-sectional areas of the resistor traces printed using
direct writing, especially those with serpentine pattern, were non-uniform. In addition, the
resistor values in the printed resistor design were much smaller than those in the commercial
resistor design, causing deviation in the combined resistance due to the parasitic resistances
of the interconnect traces.
It is believed that the printed resistor design can be improved by printing resistor
traces more uniformly to yield better accuracy with resistor values. Ink materials with higher
resistivity could be used to shorten the lengths of high value resistors and eliminate the need
for serpentine pattern. Since commercial resistors that closely match the desired resistor
values computed based on Table 4 are not always available, better results can be achieved
with the printed resistor design if resistors are printed with high precision.
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4 Direct Write Fabrication of Platinum-based Thick-film
Resistive Temperature Detectors
4.1

Introduction
The ability to seamlessly integrate smart sensors into existing hardware offers great

potential to enhance functionality and usability. Such sensors can be used to track
temperature, pressure, vibration, light, pH, and many other phenomena that affect the shortterm operation or long-term stability of the system. For temperature sensing in industrial
applications, the use of resistance temperature detectors (RTDs), also known as resistance
thermometers, is slowly gaining popularity over that of traditional thermocouples (TC), due
to the increased accuracy and reliability of RTD [68].
Traditional wire temperature detectors like birdcage or helix RTDs have difficulties
for in-situ temperature measurement of operating parts such as rotary blades

[69]

. More

recently additive manufacturing (AM) has been utilized in the RTD fabrication process,
wherein a film of platinum or nickel-iron metal can be directly deposited onto a ceramic
substrate

[70]

. Direct write (DW) is capable of depositing thin layers of the order of micron

thickness. This decreases the amount of metal used, reduces cost, and increases resistance,
which in turn increases sensor resolution. The custom nature of the process allows for sensors
to be directly integrated into smaller or irregularly-shaped areas where off-the-shelf sensors
cannot be integrated. Thin-film temperature detectors fabricated by inkjet or aerosol jet
methods have lower reliability due to their sub-micron element layer thickness and lower
metal solid loading, and are thus more vulnerable to contamination. Thick film (layer
thickness > 1 µm) RTDs with a high temperature coefficient of resistivity (TCR) are of
interest in microelectromechanical systems (MEMS) [71]. When comparing to other thick film
technologies, screen printing is a popular thick film technique, which utilizes a squeegee to
transfer ink onto a flat substrate through a stencil or a patterned mesh

[72]

, but it lacks the

52

ability to print on conformal substrates and design changes require a new mask to be
fabricated. Planar RTDs can also be fabricated through microelectronics lithographic
processing techniques, but fabrication on non-planar substrates lacks industrial attention. In
addition, these conventional techniques can be expensive, relatively complex, and impractical
for fast-prototyping purposes.
This work reports the extrusion-based DW fabrication and device performance
qualification of platinum RTDs that can be directly deposited onto conformal substrates The
extrusion-based DW technique enables direct fabrication of non-planar RTD elements onto
non-planar, conformal substrates with a significantly improved layer thickness over thin film
additive manufacturing technologies (inkjet and aerosol jet), producing accurate and durable
temperature measurements.
In terms of prior literature, Dziedzic et al. reviewed the development of thick-film
RTDs

[68]

and concluded that RTDs made of alloys are used less often at elevated

temperatures (800 °C) compared to one-component precious metal conductors because the
resistance of pure metals at different temperatures are well documented. Platinum is one of
the few single-element conductors possessing high linear sheet resistance that is comparable
to alloy-based conductors. As a result, platinum RTDs are listed as a key instrument in the
definition of the International Practical Temperature Scale

[73]

. Wang et al. have fabricated

and characterized the Indium-tin-oxide (ITO) thin film RTD using the radiofrequency (RF)
sputtering technique

[74]

. The fabricated ITO RTDs have a larger temperature coefficient of

resistance (TCR) than platinum RTDs above 600 °C. That implies larger change in resistance
over the same temperature range, but were unstable below 600 °C due to reaction with
oxygen. D’Aleo et al. designed and fabricated a thin film platinum RTD array on an alumina
substrate with photolithography [75] and observed significant differences in resistance between
each RTD trace, possibly due to nanometer-level layer thickness and defects in the
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photolithography and evaporation processes. Kim et al. fabricated and studied platinum-based
thin film RTDs by direct current (DC) sputtering and characterized the effect of annealing
temperature on sheet resistance

[76]

. To the authors’ knowledge, there exists no published

work on using extrusion-based DW to fabricate platinum-based RTDs on planar or curved
substrates. This paper will present the extrusion-based DW fabrication, structure and
composition analysis, and performance validation of platinum based RTDs on a planar
ceramic substrate. In addition, the authors will demonstrate the printing of an RTD element
on the lateral area of a semicircular cylinder alumina substrate.
4.2

Experimental Methods
A platinum ink formulation was chosen as the RTD material due to its reliable

resistance to temperature relationship over a wide range of temperatures and its chemical
stability as a noble metal. The ink used for printing was ESL 5545 fritted platinum paste,
which contains platinum in a 2, 2, 4-Trimethyl-1, 3-Pentanediol Mono-isobutyrate (TXIB)
binder. The ink contains approximately 50% platinum by weight. For platinum sintering, the
manufacturer recommended a peak sintering temperature of 850 - 1300 °C for 15 minutes
with an initial ramp rate of 60 - 100 °C/min. The sintered platinum has a sheet resistance
spec of 45-110 mΩ/sq. ESL 9595A silver palladium conductor ink was used for the metal
contact pads. The silver ink manufacturer recommended a peak sintering temperature of 600 930 °C for 10 - 12 minutes with an initial ramp rate of 60 - 100 °C/min. The sintered silver
has a sheet resistance spec of < 10 mΩ/sq, lower than platinum. Moreover, the contact pads
are thick and thus are not expected to change the resistance of the platinum trace. A 96%
alumina sheet (McMaster 8462K21) was employed as a planar substrate. DW printing was
performed on an nScrypt tabletop series micro-dispensing system.
A typical RTDs resistance value is around 100 Ω for reliable temperature
measurements, and since platinum has a relatively high conductivity, long, narrow, and thin
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traces are required to maintain sufficiently low resistance. Lewis et al. and Dimos et al.13
investigated the influence of ink rheology on line resolution and surface topography of
printed material for extrusion-based DW. Their studies suggest the apparent viscosities at low
shear rates (< 1 s-1) strongly influence the line widths (resolution) and surface topographies.
For instance, pastes with a higher viscosity at low shear rates would yield higher resolution
patterns. Conversely, inks with a lower viscosity at low shear rates are prone to settling but
tend to produce smoother surfaces due to surface tension, which minimizes the surface area.
The measured apparent viscosity of ESL 5545 platinum ink is around 1000 Pa·s at 0.1 s-1
shear rate using an AR-G2 rotational rheometer, which is sufficiently high enough to
minimize the fluid spread after the ink is deposited onto the substrate. Other studies have
shown that small dispensing gaps and high substrate speed are desirable for printing highresolution line structures in extrusion-based DW printing [77].

Figure 19. Stepwise procedure for DW printing and sintering of an RTD
Based on the authors’ prior work

[78]

, the following printing conditions were chosen

for fabricating the platinum RTDs: a 100-µm diameter nozzle, a substrate moving speed of 20
mm/s, a dispensing gap of 75 µm, and an ink feed pressure of 30 psi. An alumina substrate
was selected to withstand the high temperature involved in sintering. Figure 19 shows the
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stepwise RTD printing procedure for the planar RTD. The printed platinum RTD traces were
sintered in air at 1200 °C for 15 minutes. Before printing the silver pads, the substrate move
speed was reduced to 5 mm/s in order to increase thickness and improve definition. The pads
were then printed and sintered in air at 650 °C for 15 minutes.
RTD calibration and testing: To achieve precise measurement of the printed planar
RTD, the device must first be calibrated. A Nicole-alloy type E thermocouple temperature
was cemented onto the alumina substrate next to the RTD sensor using RESBOND 940 HT
fast cure alumina adhesive and provided a reference temperature T. The TC and RTD were
then connected to a National Instrument NI cDAQ-9174 signal transducer to convert
resistance to digital values. A LabVIEW-based data acquisition system was used to measure
and record changes in RTD resistance and TC temperature at a 1 min-1 sampling rate. A fourwire resistance configuration was employed to eliminate the effects of resistance between the
lead wires and the Ag contacts, increasing the accuracy of the RTD resistance measurement
[79]

. In this configuration, two of the wires are connected to an excitation current source to

create a measurable voltage change across the RTD. The other two RTD wires are connected
to measurement channels of the data acquisition system. These channels have high
impedance, which results in a low current in the measurement circuit and a negligible voltage
contribution from the lead wires and electrical interconnects (Figure 20). The resistance is
calculated by dividing the measured RTD voltage by the supplied excitation source current.
To generate temperature changes, a Neytech 9493308 three-stage programmable furnace was
used to heat the RTD and TC from 50 °C to 350 and 500 °C at a rate of 2 °C/min, followed
by a 3-hour hold at peak temperature, and a 2 °C/min cooling rate back down to 50 °C. A
quadratic relationship between the resistance of the RTD (R) and temperature (T) was
assumed (see Equation 11 below).
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𝑹 = 𝑹𝟎 (𝟏 + 𝑨𝑻 + 𝑩𝑻𝟐 )

Equation 12

where R is the resistance of the RTD trace, R0 is the resistance of the RTD trace at 0 °C, T is
the temperature in degrees Celsius, and A and B are temperature coefficients of resistance
(TCRs). R0, A, and B were acquired by fitting the RTD resistance readings with TC
temperature readings for T up to 500 °C, according to Equation 11. The fitted coefficients
were: R0 = 72.33 Ω, A = 0.00380 °C-1, and B = -6.578x10-7 °C-2. Following calibration, the
same temperature profile was used to qualify the accuracy, repeatability, and long-term
reliability of the RTD device.

Figure 20. RTD temperature testing apparatus, featuring 4-wire configuration of the RTD. A
thermocouple (TC) is also presented for reference.
To demonstrate conformal printing functionality, an additional RTD, comprising of Pt
RTD traces and Pt contact pads on a glass-ceramic semi-cylindrical substrate, was printed
and characterized.
4.3

Results and Discussions
Planar RTD physical analysis: Figure 21a shows a printed platinum RTD sensor

with silver contact pads on a planar alumina substrate. Due to the nature of extrusion-based
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DW, variations in printing can arise from process parameters, material properties, substrate
roughness, and other sources, resulting in resistance differences among individual samples.
The average resistance of 12 sequentially printing platinum RTD traces was 69.5 Ω with a
standard deviation of 10.2 Ω, measured at room temperature of 25 °C. The RTD selected
for electrical characterization had a resistance of 76.5 Ω at room temperature. The average
line width was measured to be 145 µm with a standard deviation of 9.32 µm based on
micrographs taken at ten different locations. White-light interferometry imagery showed
the RTD traces have an average post-sintering thickness of 3.5 µm. Using these values to
calculate cross-sectional area yields an ink sheet resistance of 200 mΩ/sq or a resistivity of
7 x 10-7 Ω.m for the printed traces, higher than the manufacturer’s reported value of 45-110
mΩ/sq or the resistivity of 1.06 x 10-7 Ω.m for pure platinum metal

[80]

. As the sintering

process should already be accounted for in the manufacturing spec, the deviation may be
attributed to the fast substrate moving speed during printing. To analyze the porosity of the
traces printed in three dimensions, focused ion beam (FIB) microscopy was carried out to
mill and collect a series of 2D images. These images were then used to reconstruct the 3D
structure (Figure 21c). Non-unformity of the printed structures is noted. The larger (marco)
pores, as indicted by arrows in Figure 21c, are likely a result of sample inhomogeneity
and/or process fluctuations during printing, for example due to fast substrate moving speed
and insufficient material dispensing; whereas the smaller pores (in blue) are probably
created as the volatile components are removed during sintering. Similar observations have
been reported in previous studies

[78]

. This non-uniformity affects the sheet resistance of

printed traces compared to a conventional screen-printed pattern (Figure 22a). The process
variability could be reduced by increasing the extrusion amount or the cross-sectional area
of printed traces, at the expense of a longer printing pattern for achieving the same
resistance.
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a)

b)

c)

Figure 21. a) Printed RTD device including platinum traces and silver pads on a planar
alumina substrate post sintering. b) White light interferometry analysis of a Pt trace on the
flat substrate post sintering. c) 3D printed platinum trace image by assembly of discrete
cross-sectional FIB images.
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Planar RTD microstructure and component analysis: Figure 22b shows the
microstructure of sintered RTD traces. The EDS spectrum (Figure 22c) listed the elements
present with concentrations at or above 1 wt.%. The results indicate the particles are
predominately Pt with some underlying alumina elements present, as a result of the porosity
of the Pt trace. In this application, the increased resistance caused by the porosity is desirable
to create sufficiently high resistance for RTD functionality.
a)

b)

c)

Figure 22. a) High magnification SEM image of a platinum trace post sintering. b) High
magnification SEM image of platinum trace. c) EDS spectrum: analysis of particles in the
thick-film RTD trace.
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Planar RTD electrical analysis: Figure 23a shows the repeatability performance of the
RTD during temperature ramping tests at 350 °C. An excellent match can be seen from the
three experiments, with a peak temperature variation of less than 0.2 °C. In comparison, type
E TCs have a peak temperature variation of around 3 °C. At 500 °C (Figure 23b), the peak
temperature variation between three temperature ramping experiments increased to around 3
°C for the RTD, similar to the variation of 3.5 °C for type E TCs. One possibility of the
deviation is the oxidation of the silver contact pads. Since the silver pads were sintered at 650
°C, exposure of the pads to 500 °C for a long period of time might make the silver unstable
and possibly contaminate the platinum traces. Following the 500 °C endurance test, some
darkening of the Pt traces was observed near the silver contact pads and the resistance of the
RTD had drifted slightly. While the RTD was still able to achieve high temperature
reproducibility that is comparable to a type E TC, applications with more precise high
temperature requirements should utilize a more stable high-temperature contact material or an
encapsulation methodology.
From Figure 24a, it can be seen that the RTD responds slightly slower (about 10
seconds slower) to temperature changes than the TC. This is because RTDs cannot be
grounded and their sizes and thermal inertia are slightly larger than a TC. During a 42-hour
air stability test comparison at 350 °C (Figure 6b), the printed RTD showed a temperature
variation of 1.03 °C, which is 70% smaller than the TC’s 3.45 °C variation. TC readings were
consistently 3-4 °C lower than the RTD readings and 2-3 °C lower than the furnace’s set
temperature of 350 °C.
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a)

b)

a)

b)

Figure 23. a) 350 °C repeatability evaluation based on three runs on the same RTD device. b)
500 °C repeatability evaluation based on three runs on the same RTD device.
When comparing the performance of printed RTDs against commercial TCs, RTDs
provide more accurate and repeatable readings than TCs, but are slower in response time.
TCs are typically made of thin wire to minimize thermal shunting and reduce response times.
The thin wire could cause TCs to have a high resistance that can cause errors due to the input

62

impedance of the measuring instrument

[81,82]

. The accuracy of a thermocouple can also be

compromised by electrical interference and the impurity of the metals used. Printed RTDs
can be smaller than their coil counter-parts, using less material and providing faster response
time.
Conformal RTD physical analysis: Figure 25a shows the surface mapping of a curved
glass-ceramic substrate, as evaluated by the nScrypt machine’s laser displacement sensor.
During printing of a layer, the print head adjusts vertically according to local substrate height
to enable DW printing on curved surfaces. This functionality of extrusion DW provides
increased application flexibility over screen printing and unleashes the possibility of directly
printing electronic components onto existing components with non-planar geometries. Figure
25b demonstrates DW printing of an RTD element with contact pads on the substrate, with
post-sintering surface topology analyzed by white light interferometry showing a trace height
of ~ 5 µm (Figure 25c).
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a)

b)

Figure 24. a) Temperature testing: RTD compared to TC. b) 40 hours at 350 °C endurance
test of RTD compared to TC
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a)

b)

c)

Figure 25. a) Surface mapping of a curved glass-ceramic substrate before printing. b) Printed
Pt RTD element with Pt contact pads on the curved substrate before sintering. c) White light
interferometry analysis of a Pt trace on the curved substrate post sintering, indicating a trace
height of ~ 5 µm.
4.4

Conclusions
Thick film RTDs comprising of Pt traces and silver contact pads were fabricated by

extrusion-based DW. The platinum ink was sintered at 1200 °C and the silver ink was
sintered at 650 °C. A printed RTD was fully characterized to determine the microstructure,
chemical composition, and electrical characteristics of the printed platinum traces. A fourwire resistance configuration was utilized to eliminate the effects of contact resistance and
increase the accuracy of the RTD resistance measurement. The printed RTD showed good
repeatability in temperature ramping tests and a slightly slower response time compared to
the thermocouple. In the endurance tests, the printed RTD sensor showed less variation than
the thermocouple. The printed RTD resistor showed linear response to temperature up to 350
°C. The small deviation in linearity from a typical bulk-Pt wire could be attributed to the Pt
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impurity related to ink-formulation additives. Encapsulation will be required to protect the
platinum RTD for industrial applications at higher temperatures.
With extrusion-based DW’s potential to print on conformal substrates, this work
offers methods for depositing RTDs onto 3D structures. Additionally, this construction
produces a very stable RTD element with a strong thermal contact between the platinum and
the measurement point. This results in a more accurate temperature reading and a fast thermal
response time. Future work will focus on encapsulating printed RTDs and testing at elevated
temperatures.
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5 Integration of extrusion-based DW and layer-by-layer UV
curing to fabricate polymer bonded magnets
5.1

Introduction
Magnets have a wide range of industrial and commercial applications. Magnets enable

physical tasks by attracting or repelling ferric materials and perform a variety of electrical
tasks: e.g., creating an electric current in a generator or alternator, or enhancing performance
of electromagnetic devices such as inductors

[ 83 ]

. Additionally, magnets and magnetic

patterns facilitate high resolution sensing such as tracking the speed or the position of a
moving piston or a rotating shaft. However, the creation of magnets with the unique shapes
and field patterns needed to perform these functions generally entails subtractive machining
of a larger permanent magnet, resulting in material waste and limiting the design space. The
design freedom of additive manufacturing (AM), or 3D printing, has recently inspired
research into novel techniques for magnet manufacturing. While AM polymer-bonded
magnets exhibit a lower maximum energy product (BH)max than their sintered counterparts,
the fabrication of polymer-bonded magnets offers a number of advantages over conventional
processes. High-temperature sintering is not required, so magnet fabrication can integrate
low-temperature technologies such as digital light processing (DLP), conductive ink
deposition [84], and pick-and-place [85] to create multifunctional components in situ. No molds
are required, reducing tooling costs and manufacturing time. Printed bonded magnets allow
increased design freedom with the ability to create complex internal geometries. These
designs can be tweaked, printed, and iterated rapidly, facilitating the design process and
reducing cost. Printed magnets can either be coated

[86]

onto or embedded

[87]

within other

materials to build microrobots or sensors with minimal material waste.
Several recent studies contribute to the state-of-the-art for 3D printing of magnets.
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Huber et al.

[88]

printed nylon-bonded rare-earth magnets through fused deposition modeling

(FDM) and compared their performance with magnets fabricated by injection molding.
Printed magnets had a density of 3.6 g/cm3, lower than the 4.35 g/cm3 density achieved by
injection molding

[88]

, indicating FDM printed magnets exhibit higher process-induced

porosity and thus weaker magnetic properties

[89]

. Li et al.

[90]

report a specialized FDM

technique for printed magnets, coined Big Area Additive Manufacturing (BAAM), capable of
matching the magnetic properties of injection-molded magnets. Paranthaman et al.

[91]

fabricated magnets with binder jetting and achieved 46 vol.% density of Neodymium Iron
Boron (NdFeB) raw powder. Compton et al.

[92]

report extrusion-based direct write of 36.5

vol.% magnetic material parts with post heat curing.
Current AM technologies have unlocked considerable design freedom but still face
shortcomings in fabrication of magnets. Typically, AM fabrication methodologies require a
relatively aggressive post heat treatment process (>100 °C) after completion of the printing
process, which can cause non-uniform heating of the component and structural deformation.
Evaporation of solvent and binders can increase the porosity of the printed magnet and yield
a rough surface, rendering such methods inappropriate for printing of fine magnetic patterns.
Often a post encapsulation of polyurethane is needed to reduce surface roughness

[90]

.

Furthermore, while increasing magnetic particle loading increases the energy product of
printed magnets, both FDM and BAAM processes report a drop in the intrinsic coercivity of
printed samples compared with the coercivity of the raw material powder, probably due to the
high temperature extrusion (300 °C) of the filament material during printing. To fully realize
the advantages of AM technology for printing magnets and to ensure repeatability, we must
understand the effects of ink properties and printing parameters on subsequent mechanical
and magnetic properties.
A common 3D printing technology, stereolithography (SLA) is widely used for
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medical modeling and industrial prototyping and utilizes photopolymerization to build threedimensional solid objects

[93]

. Most commercial SLA machines can only print with a limited

choice of photopolymer resins and preprogramed printing parameters, restricting the
versatility of this technology

[94]

. In addition, the post processing time for resin removal is

lengthy and material waste is often inevitable. To date, the relevant literature features no
reports on SLA-printed magnets.
Direct write (DW) is an AM technique enabling the direct deposition of functional or
structural patterns using various materials, without utilizing photo-masks or stencils

[95]

. The

technique employs an ink-deposition nozzle to create 2D or 3D material patterns with desired
architecture and composition on a computer-controlled translation stage

[96]

. Extrusion-based

DW typically utilizes nano- or micro-particle suspensions to provide intricate details and a
smooth surface finish [97]. Tuning the rheological properties of DW inks, e.g. degree of shear
thinning, ensures smooth and consistent extrusion while improving the shape fidelity of
printed structures after deposition

[98]

. Lack of in situ curing in conventional DW limits the

height of printed structures, especially if the print materials have a low working viscosity.
Further, conventional DW methodologies typically recommend a post-curing step for
thermoset inks after printing the entire 2D or 3D object to enhance mechanical performance.
We present a novel UV-assisted direct write (UADW) technique that combines
extrusion-based direct write (DW) and in situ layer-by-layer UV curing to fabricate polymerbonded magnets at room temperature. UV curing at each layer gives enough intermediate
strength to allow the printed magnet to support itself during printing, while a final lowtemperature post-curing step provides saturated curing of any residual resin. The technique
can print smooth-surfaced 3D objects with a layer-thickness resolution as high as 200 µm. To
date, UV-assisted DW applications include 2D or single-trace 3D micro-coil printing [99], but
no multi-layer 3D structures.
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We created custom magnetic DW inks by mixing NdFeB powder with a UV-curable
polymer binder. The DW process operates at room temperature, compared to around 300 °C
for the FDM process

[90]

. A syringe extrudes the material, minimizing waste, especially as

compared with the vat photopolymerization process. This low-temperature printing technique
can readily integrate in situ with other AM processes—inkjet printing, aerosol jet printing,
and pick-and-place process—to create 3D multi-functional electromagnetic objects. We
present rheological optimization of custom-made inks and characterize UV curing efficiency
as a function of particle loading to better understand printing constraints. Specifically, we
investigate green and post-cured mechanical properties of printed dumbbell-shaped coupons.
Further, we examine the dependence of magnetic properties on sample preparation factors,
including material loading, layer thickness, and UV-wavelength.

5.2

Experimental procedures

Materials: This study used resin-coated MQP-11-9 isotropic NdFeB magnetic powder
feedstock from Magnequench. The original particles are spherical with an average diameter
of 45 µm. We sieved powders with 25-µm mesh to reduce the average particle size. The raw
powders have a specific gravity of 7.4 g/cm3 and an apparent density of 3.7 g/cm3. The
manufacturer reports an intrinsic coercivity (Hci) of 8.4 – 9.4 kOe and a residual induction
(Br) of 7.3 – 7.6 kG. We used a Microtrac S3500 series particle size analyzer with tri-laser
technology to determine the particle size distribution of the sieved powder and conducted dry
measurements in triplicate using air as the medium to convey the sample to the measuring
cell.
We selected Formlabs® grey photopolymer resin binder as the carrier for the NdFeB
powder as it provides the highest NdFeB loading while maintaining sufficiently low viscosity
for printing. Composed of methacrylate oligomers and monomers, the resin has a specific
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gravity of 1.1 g/cm3. According to Zguris

[100]

, a UV curving wavelength of 405 nm would

yield the best mechanical strength for the neat binder.

Direct-write printing: For the UV-assisted direct write (UADW) process, we employed
nScrypt tabletop series micro-dispensing equipment. This pneumatically-driven dispensing
system applies a continuous flow of ink through a nozzle. A shaft valve integrated into the
dispensing assembly regulates the flow onto a 150 × 150 mm (L × W) substrate plate of
flexible transparent polyimide (Staples clear heavyweight sheet protector). Built into the
machine is a UV lens with 405 nm or 365 nm wavelengths and an adjustable focal length.
The penetration depth of UV into the photopolymer binder decreases as a function of
increasing NdFeB particle loading. We therefore maintain the as-printed layer thickness at
200 µm to ensure maximum curing.

Figure 26. Schematic diagram of the UV-assisted direct write (UADW) process for printing a
cubic-shaped magnet.

During printing (Figure 26), the system deposits the first layer onto a transparent
substrate moving at a printing speed of 1 mm/s. Next, the UV light source irradiates the
single-layer printed pattern at a moving speed of 2 mm/s following the same printing path.
The distance between the UV lens and the printed structure remains at the optimal focal
length of 50 mm. Each layer undergoes printing and curing before the deposition of the next
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layer. After printing and curing the entire structure, we invert the component and irradiate
UV through the underside of the transparent substrate to further cure the bottom of the
printed part. Mechanical removal from the substrate enables a freestanding product. We postcured some as-printed samples (“green parts”) under a UVP B-100A high density multiple
wavelength UV lamp; then heated them at 60 °C (Binder FED 115 oven) for 1 hour to
enhance curing and improve mechanical properties. We measured sample dimensions and
weight to calculate the density of the printed products.

Rheological and mechanical experiments: We performed ink rheology experiments on DW
inks containing 75, 80, 85, and 90 wt.% of NdFeB powder. As a control, we also measured
the rheology of the neat binder (i.e., 0 wt.% NdFeB). An AR-G2 rheometer (TA Instruments)
measured steady shear viscosities. We used a parallel plate fixture (diameter: 40 mm) with a
gap of 600 µm and measured viscosities from high shear rate (100 s-1) to low shear rate (0.01
s-1) at a constant temperature of 25 °C.
This process produced dumbbell-shaped test coupons with 5 layers and a nominal
thickness of 1 mm. An Instron (Model 1011) mechanical analyzer characterized the
mechanical properties, namely tensile strength and Young’s modulus, of as-printed “green”
samples. We tested coupons at different powder loadings (75, 80, 85, and 90 wt.%),
measuring and comparing the mechanical properties before and after secondary UV and heat
curing for the highest loading of 90 wt.%. Our system printed test coupons along the longer
axis, i.e. tensile test direction. Supporting Information includes the actual tool path used in
creating the coupons. The manufacturer’s datasheet provided mechanical properties of postcured neat binder [101]. To investigate the microstructure of cured product and the mechanical
failure mechanism, a HITACHI 3400S SEM operated at an accelerating voltage of 10 kV
performed microstructure analysis.
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Magnetic properties measurements: We first pulse magnetized each sample with coil
strength greater than 55 kOe to saturation and measured them in a Helmholtz Coil along the
sample height z-axis. We used a KJS Associates model HG-700 computer-automated
magnetic hysteresigraph system to perform hysteresis loop measurements. Testing complies
with ASTM A977/A977M-01, “Standard Test Method for Magnetic Properties of High
Coercivity Permanent Magnet Materials Using Hysteresigraphs”.

5.3

Experimental results and discussions

Particle Size and Ink Rheology
Figure 27 shows the SEM image and the particle distribution of the sieved powder.
The particles are largely spherical in shape and have an average diameter of 20.8 µm with a
standard deviation of 5.8 µm. Morissette et al.

[13]

studied the optimal ink rheology for

extrusion-based DW printing and concluded the nozzle size must be at least 10 times larger
than the powder particle size to allow smooth printing without clogging. For this reason, we
chose a gauge #25 stainless steel dispensing tip with a 250-µm inner diameter.
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a)

b)

Figure 27. a) Scanning Electron Micrograph (SEM) of as-received NdFeB powder. b)
Particle diameter distribution of sieved NdFeB powder.

Figure 28a shows the steady shear rheology data for the neat binder and NdFeB
dispersions with different powder loadings (0, 75, 80, 85 and 90 wt.%). Within the range of
shear rates studied, the neat binder behaved essentially as a Newtonian fluid with a constant
shear viscosity of ca. 0.9 Pa.s. Inclusion of NdFeB powder increased the dispersion viscosity,
especially at lower shear rates, leading to shear thinning behavior (i.e., viscosity decreases as
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a function of increasing shear rate). The degree of shear thinning increases with increasing
powder loading. Shear thinning is generally desirable for extrusion-based 3D printing: the ink
experiences a higher shear rate and consequently sufficiently low viscosity for extrusion, but
upon deposition, shear rate decreases such that a sufficiently high viscosity minimizes further
fluid spread and improves shape fidelity. Based on this argument, Lewis

[95]

suggests the

optimal apparent shear viscosity for DW printing as 103-104 Pa·s at 1 s-1. In this study, the ink
containing 90 wt.% powder has an apparent shear viscosity of 500 Pa s at 1 s-1, implying the
ink will spread slightly after deposition. Figure 28b characterizes the surface topography of a
0.7 x 0.5 mm sample area of the top face of a cubic-shaped printed magnet. The sample area
showed an arithmetic mean roughness (Ra) of 0.923 mm and a ten-point height (Rz) of 44.21
mm indicating a smooth surface finish. Figure 28c shows coupons printed with 90 wt.%
powder loading.

a)

b)

c)
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Figure 28. a) Steady shear tests for NdFeB ink at different solid weight loadings.
Temperature: 25 °C. b) White light interferometry surface profile of a 0.7 x 0.5 mm sample
area of the top face of a UADW cubic-shaped magnet. The line graph shows a 1D height
sample along the x-axis, sampled from the horizontal line in the 2D image. c) A UADW
dumbbell-shaped coupon with 90 wt.% NdFeB loading.
Mechanical Properties

a)

b)

Figure 29. a) Stress-strain curves of 90 wt.% NdFeB coupon before and after post-curing,
showing the effect of post-curing on mechanical properties. b) SEM image of fractured
surface of a 90 wt% NdFeB post-cured coupon after tensile testing.
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Literature indicates the maximum volume fraction of similar sized spherical particles
in a confined volume using random close packing is 64%

[102]

. Experimentally the highest

solid loading of a printable suspension achieved during mixing was 60% by volume, or 91%
by weight. At extreme solid loading, particles could hinder cross-linking of the binder due to
UV absorption and scattering, reducing the mechanical strengths of the printed parts. We
employed post UV curing and heat treatment to enhance the mechanical strength of the asprinted products with 90 wt.% NdFeB loading (Figure 29a). Post-curing improved ultimate
tensile strength from 2.43 MPa to 10.4 MPa, and Young’s modulus from 577 MPa to 5.2
GPa, showing mechanical performance comparable to injection molding magnets and
improvement over reported FDM printed samples

[90]

. Elongation at failure dropped from

1.7% to 0.6%, implying stronger but less ductile properties of the printed material. Table 8
compares the mechanical properties of UADW coupons before and after post-curing against
those prepared by BAAM as reported by Li

[90]

. After post-curing, UADW samples showed

higher tensile strength and Young’s modulus with slightly lower NdFeB powder loading.
Figure 29b shows a typical fractured surface of the printed magnet after tensile tests.
The figure shows magnetic particles removed from the adjacent layer during tensile testing,
indicating de-bonding between NdFeB particles and cured binder as the primary cause of
failure. Ferraris et al. report a similar failure mechanism for injection-molded and FDMprinted NdFeB magnets [90].
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Table 8. Comparison of mechanical properties of UV-assisted DW magnets (before and after
post-curing with standard deviation based on 3 test coupons) against magnets prepared by the
BAAM method [90].
Tensile

Young's

Solid loading
Sample

Elongation at
Strength

modulus

[MPa]

[MPa]

volume

Failure

DW Green

57%

2.43 ± 0.64

577 ± 123

1.7% ± 0.4%

DW Post-Cured

57%

10.40 ± 2.46

5200 ± 1080

0.6% ± 0.2%

BAAM

60%

6.60

4290

4.1%

Printed Magnet Characterization
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a)

b)

c)

Figure 30. a) Examples of UADW magnets with arbitrary shapes. b) Top view of a cubicshaped magnet. c) Top view of a ring-shaped magnet.
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Figure 30 presents some successfully printed magnets with arbitrary shapes and the
top views of a cubic- and a ring-shaped printed magnet. One drawback of FDM and injectionmolded magnets is the high porosity of their products due to filament geometries or air
bubbles

[90]

. Measured density of FDM and injection-molded magnets can be 10-20% lower

than the theoretical density calculated from the starting nominal composition. Geometrically,
voids between deposited filaments are characteristic of the FDM process. Extrusion-based
DW uses a similar deposition mechanism, but the viscosity prior to in situ UV curing is
comparatively lower. Surface tension can therefore drive fusion between deposited inks,
minimizing or removing any voids between them. Experimentally, at 46% nominal volume
fraction, the density of printed magnets measured 4.00 g/cm3, which closely matches the
input theoretical density of 3.99 g/cm3. As the nominal volume fraction increased to 60%,
however, the average density of the printed magnet sample increased to 4.23 g/cm3 (based on
three measurements), 10% lower than the expected theoretical density of 4.69 g/cm3
(assuming linear combination of input material densities and no voids). The difference is due
to difficulty in dispersing the particles homogeneously as particle loading approaches the
theoretical limit.

Magnetic Properties
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a)

b)

c)
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Figure 31. a) Hysteresis loops of printed magnet samples with three nominal volume
fractions. b) Relative remanence as a function of NdFeB loading. Relative remanence or
intrinsic coercivity = sample remanence or intrinsic coercivity / raw powder remanence or
intrinsic coercivity. c) Comparison of performance for magnets prepared by different
methods, namely, UADW (this work), injection molding (IM) [90], big area additive
manufacturing (BAAM) [90], selective laser sintering (SLS) [103], binder-jet [91], and direct
write (DW) [92]. The higher the remanence value and the higher the intrinsic coercivity value,
the better the magnet performance.

Figure 31a shows the full hysteresis loop of post-cured magnets with three different
volumetric concentrations calculated based on mixing component fractions. Remanence and
intrinsic coercivity are key attributes of a magnet [104]. Remanence refers to the magnetization
left behind in a ferromagnetic material after removing an external magnetic field, and
intrinsic coercivity is the strength of the magnetic field necessary to reduce the magnetic
polarization (strength of magnetization) to zero. In general, the higher the remanence value
and the higher the intrinsic coercivity values, the stronger the magnet performance.
The 90 wt.% NdFeB samples exhibited a remanence of 3.80 kGauss (52% of raw
powder value) and intrinsic coercivity of 9.50 kOe. All three printed samples have similar
intrinsic coercivities close to the raw powder value of 8.4 – 9.4 kOe; however, as the nominal
volume fraction increased from 48% to 60%, remanence improved only 7% as shown in
Figure 31a. Therefore, it is more appropriate to back calculate the material composition from
the final sample density, based on the known densities of raw powder and binder. Figure 31b
gives the relative remanence (Br) as a function of calculated volume fraction based on ten
printed magnets with different densities. The trend is relatively linear with a coefficient of
determination of 0.810 and indicates no significant energy loss during the magnetization
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process. It is worth noting that at the same powder loading, the final energy product of the
magnets is an intrinsic property of the starting magnetic powder; thus, the performance of the
printed magnets could be improved through the use of NdFeB powders with stronger
magnetic properties. The difference in raw powder also means when comparing magnet AM
techniques, it is more reasonable to compare performance as a fraction of their raw powder
properties (relative remanence or intrinsic coercivity = sample remanence or intrinsic
coercivity / raw powder remanence or intrinsic coercivity). Figure 31c compares the magnetic
performance, both in terms of relative remanence and relative intrinsic coercivity, of magnets
prepared by different 3D printing methods. Our UADW technique combines highest product
intrinsic coercivity with one of the highest magnetic remanence values.
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a)

b)

Figure 32. a) Second quadrant hysteresis curve of printed post-cured NdFeB magnets with
different UV wavelengths and layer thicknesses. b) Energy product of printed post-cured
NdFeB magnets with different UV wavelengths and layer thicknesses.
When using photopolymers as binder material, the percentage of curing affects
product performance. Magnetic particles within a partially cured polymer matrix will have
higher mobility and may become demagnetized when exposed to an opposite magnetic field,
leading to a lower intrinsic coercivity. Due to different mechanisms between photo- and
thermal curing, differential scanning calorimetry cannot measure percentage of curing. For
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magnets, however, intrinsic coercivity could indicate how well the sample is cured. Figure
32a presents the second quadrant B-H curves for 85 wt.% NdFeB magnets cured with two
different UV wavelengths and printed at different layer thicknesses. The reported magnetic
properties are for a cubic magnet with a dimension of 10 x 10 x 6.2 mm (length x width x
height). While insufficient curing caused around a 13% remanence drop from 3.70 kG to 3.24
kG, poorly cured samples possess only 28% of the intrinsic coercivity of raw magnetic
powder, and around 50% of the energy product of better-cured samples. Post-cured samples
printed with a 200-µm layer thickness and cured with a 405-nm wavelength had the same
intrinsic coercivity as the raw magnetic powder, indicating sufficient curing. From
observations, longer UV wavelength allows for deeper penetration into the opaque magnetic
layers; alternatively, minimizing layer thickness would also help crosslinking of the
photopolymer and interlocking of magnetic particles. Figure 32a suggests that to increase the
degree of cure, changing the UV wavelength is more effective than reducing layer thickness.
For both FDM and injection-molded magnets, the intrinsic coercivity of the final
product deteriorated relative to that of the raw material. Depending on the polymer filament
or the binder material, melting the feed mixture often requires temperatures of 300 °C or
higher. Higher process temperatures and/or longer residence times could cause grain growth
or microstructure changes and have been proposed as possible explanations for the
deterioration in magnet performance

[90]

. In contrast, UADW calls for printing and curing in

situ at room temperature. Post-curing at 60 °C can increase the degree of cure, but the
temperature is still considerably lower than those typically used for FDM or injection
molding and may explain the better performance of the UADW magnets.
5.4

Conclusions
Additive manufacturing of polymer-bonded magnets with spherical isotropic powders

shows great potential to reduce cost and create intricate geometries with arbitrary shapes.
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Current methods for 3D printing magnets, such as fused deposition modeling (FDM),
typically involve high-temperature processing which compromises the intrinsic coercivity
and energy product of the printed magnets. This paper presents a novel UV-assisted direct
write (UADW) method that combines extrusion-based DW with in situ layer-by-layer UV
curing to fabricate polymer-bonded magnets at room temperature. The process requires
minimal post heat treatment and preserves the magnetic properties of the raw powder in the
printed product. We characterized the rheology of custom-created DW inks containing an
NdFeB loading of up to 91 wt.%, or 60% by volume. We explored the print-layer thickness
and UV-curing wavelength to maximize the degree of curing, which is critical to locking the
NdFeB particles in place and preventing demagnetization. The mechanical properties of
UADW magnets include a tensile strength of 10.4 MPa and a Young’s modulus of 5.2 GPa
after post-curing, showing improvements over magnets with similar particle loading
produced by the Big Area Additive Manufacturing (BAAM) method. Further, the intrinsic
coercivity and remanence of UADW magnets normalized by the raw powder values
outperform values reported in the literature for magnets prepared from other additive
manufacturing methods, including FDM, selective laser sintering (SLS), binder-jet, and direct
write (DW). The magnets reported in this paper possess the highest intrinsic coercivity with
one of the highest magnetic remanence values, characteristics attributable to the low
processing temperature, which preserves the instrinsic coercivity of the raw powder. For
future work, magnet performance may be further improved by optimal selection of raw
powder, binder, and print conditions.
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6 UV-assisted Direct Write of Highly Concentrated Nonspherical Polydispersed Ferromagnetic Particle Suspension
6.1

Introduction
3D printing provides the geometry, composition, [105] and even particle orientation [106]

design freedom in magnets fabrication comparing to conventional sintering [107] and injection
molding methods. [108] Recently, 3D printing of polymer-bonded magnets has gained research
interest over traditional magnet fabrication techniques because of advantages such as reduced
material waste and minimal tooling. Big Area Additive Manufacturing (BAAM)
Deposition Modeling
Direct Write

[92]

[88]

, Selective Laser Sintering

[109]

, Binder jetting

[91]

[90]

, Fused

, Thermo-curing

, and more recently UV-Assisted Direct Write (UADW) method

[105]

have

been demonstrated for magnet fabrication. Among all the reported methods, magnets
fabricated using the UADW method stand out both in terms of surface finish (smoothness)
and magnetic performance. In this method, ferromagnetic particles (NdFeB) are first
dispersed in a UV curable polymer binder, forming a paste at high particle loadings. This
paste is then extruded through a nozzle tip and subsequently cured by a UV light source
layer-by-layer to fabricate magnets of arbitrary shapes. Further, UADW may be combined
with surface mapping and a rotary stage to print functional components (e.g., sensors)
directly and conformally onto actual machine parts, allowing seamless integration of
functionality into parts with different form factors .
For polymer-bonded magnets, it is well established that increasing the ratio of
magnetic powder to non-magnetic binder will increase the remanence and energy product,
thereby improving the magnetic performance

[110]

. However, increasing the powder loading

also makes mixing more difficult and increases the chance of particle jamming and nozzle
clogging. Further, the ink viscosity may also become too high to be printed, as limited by the
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printing pressure and flow instabilities [111]. Physically, the increase of viscosity is caused by
an increase in both the hydrodynamics interactions and particle-particle interactions as the
particle loading increases. At exceedingly high particle loadings, particle-particle interactions
become increasingly important [112, 113].
In our previous work

[105]

, spherical magnetic particles prepared by an atomization

process were used. However, the cooling rate of the atomization process is about two orders
of magnitude lower than that of melt spinning

[114]

. The lower cooling rate results in weaker

magnetic phases and the inclusion of non-magnetic elements, limiting the magnetic properties
of the powder. Particles prepared from melt spinning is preferred because of the better
intrinsic magnetic properties. However, melt spun particles tend to have a non-spherical
shape, which has important implications on the rheology and printability. Unlike spherical
particles, non-spherical particles tend to rotate or tumble in shear flow, increasing particleparticle interactions and resulting in a higher overall viscosity [115, 116]. This is especially true
if the particles are not aligned along the shear plane. Highly concentrated suspensions
containing non-spherical particles poses a processing challenge because these suspensions
generally have a higher working viscosity compared to spherical particle suspensions (for the
same particle volume fraction)

[115]

. This greatly limits the highest printable particle loading

and consequently the printed magnet performance.
This paper aims to address the aforementioned processing challenge associated with
printing highly concentrated non-spherical particles with the end goal to maximize the
performance of the printed magnets. This goal is achieved: (i) by understanding the role of
particle size and polydispersity on the suspension rheology and (ii) through process
innovation. More specifically, the effects of average particle size and particle size distribution
on rheology have been characterized and ultrasonic vibrations have been used to aid the
printing of highly concentrated inks. The resultant magnets showed the best performance, in
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terms of relative remanence, relative coercivity, and energy product, compared to all
previously reported 3D printed magnets.
6.2

Experimental Methods

Direct Write Printing: The UV-assisted DW (UADW) process employs pneumaticallydriven nScrypt tabletop series micro-dispensing equipment. To enable the printing of
suspensions having a high particle concentration and a high viscosity, the maximum feed
pressure of the system was upgraded from 50 psi to 100 psi. The penetration depth of UV
depends on the wavelength and the loading of the particles. A UV wavelength of 405 nm and
a print layer thickness of 200 µm are chosen based on our previous work

[105]

. A lens with a

focal length of ca. 10 mm is used to focus the UV onto the freshly printed layer. As a rule of
thumb, the nozzle size should be at least ten times larger than the characteristic size of the
particles

[117]

. In this study, a dispensing tip with a 1.6-mm inner diameter is chosen to

minimize clogging and to reduce the pressure drop through the tip.

Figure 33. Schematic diagram of the UV-assisted direct write (UADW) process for printing a
cubic-shaped magnet.
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As illustrated in Figure 33, the system deposits the first layer onto a transparent
polyimide substrate with a printing speed of 5 mm/s. Next, the UV light source irradiates the
printed pattern at a moving speed of 2 mm/s following the same tool path

[118, 119]

. The

distance between the UV lens and the freshly printed layer is kept at the optimal focal length
of 10 mm. The UV cures the layer before the next layer is printed on top. The process is
repeated until the entire structure is completed. After that, the complete printed structure is
inverted and UV is irradiated through the underside of the polyimide substrate to further cure
the bottom of the printed part. The printed structure is then removed from the substrate,
giving a freestanding “green” product. The product is further post-cured under a high-density
multiple wavelength UV lamp (UVP B-100A), followed by heat treatment at 60 °C (Binder
FED 115 oven) for 1 hour. Post-curing is applied to increase the degree of cure and improve
the mechanical properties. The weight and volume of the samples are then measured to
calculate the density of the printed products. For comparison, a “casted” sample is prepared
by thermally curing 65 vol.% ink at 120 °C for 1 hour and machined the solid composite into
a cube. The sample is then magnetized as a benchmark and compared with printed magnets.

Material: The powder used in this study is MQP-B-20076 isotropic non-spherical NdFeB
powder. The as-received particles were produced by melt spinning, having four average
particle sizes of 5, 20, 80, and 200 µm and a specific gravity of 7.6 g/cm3. According to the
manufacturer, the intrinsic remanence (Hci), residual induction (Br), and energy product
(BHmax) are 9.1 – 9.8 kOe, 8.78 – 8.98 kG, and 14.7 – 15.7 MGOe, respectively. Around 5%
performance degradation is expected for finer 5 and 20 µm particles size due to oxidation.
The 20, 80 and 200 µm particles were further sieved to reduce the size distribution. A
particle size analyzer equipped with tri-laser technology (Microtrac S3500 series) was used to
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determine the particle size distribution of the sieved powder. Dry measurements were carried
out in triplicate using air as the medium to convey the sample to the measuring cell. Bimodal
polydisperse samples are then prepared by mixing any two of the sieved samples at different
ratios.
Formlabs® clear photopolymer resin binder was chosen as the fluid carrier for the
NdFeB powder as it gives the highest NdFeB loading while maintaining sufficiently low
viscosity for printing. The resin is composed of methacrylate oligomers and monomers and
has a specific gravity of 1.1 g/cm3. According to Zguris [120], a UV curving wavelength of 405
nm would yield the best mechanical strength for the neat binder. For compounding the
powder with the UV binder, a Resodyn LabRAM II acoustic mixer was used at a mixing
intensity 100 times gravitation for 5 minutes to allow thorough and uniform mixing.

Rheology Characterization: Flow curves were measured using a drag-flow rheometer
(Physica MCR 702, Anton Paar). Two different fixtures, namely a concentric cylinder and
sandblasted parallel plates, were used. Samples with a concentration equal or less than 57
vol.% are prone to sedimentation, so a concentric cylinder was used [121]. Sandblasted 25-mm
parallel plates were used for higher concentration samples (> 50 vol.%) to minimize wall slip
during tests. The test gap is chosen to be at least ten times than the average particle size to
reduce wall effects. The apparent viscosity of the samples was measured from a shear rate of
0.01 to 25 s-1 at room temperature of 25 °C. In small-amplitude oscillatory measurements, a
strain amplitude (γ0) of 1% and a frequency (ω) of 1 rad/s were used.

Magnetic Properties Measurements: Each sample was pulse magnetized with a coil
strength greater than 55 kOe to saturation and is measured in a Helmholtz Coil along the
sample height z-axis. We used a KJS Associates model HG-700 computer-automated
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magnetic hysteresigraph system to perform hysteresis loop measurements. This testing
method complies with ASTM A977/A977M-01, “Standard Test Method for Magnetic
Properties of High Coercivity Permanent Magnet Materials Using Hysteresigraphs”.
6.3

Results and Discussions

6.3.1. Particle size and shape characterization
a)

b)

50 μm

c)

50 μm

d)

300 μm

300 μm

e)
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Figure 34. a-d) Scanning Electron Micrograph (SEM) of as-received NdFeB powder with 5,
20, 80, 200 µm of average particle size, respectively. e) Particle diameter distribution of
nonspherical NdFeB powder. Solid lines are the distribution and dashed lines are cumulative
distribution.

The NdFeB powders used in this study have an average hydrodynamic size ranging
from 5 to 200 µm. As shown in Figure 34, the shape of 5-µm and 20-µm samples are
irregular, whereas triangular plate-like particles are clearly visible in the 80-µm and 200-µm
samples. Further, if we define the aspect ratio as the longest axis of the particles divided by
the shortest axis, the 200-µm sample has a higher aspect ratio than the 80-µm sample,
followed by the 5-µm and the 20-µm samples. For high aspect ratio particles, the particle
orientation affects the overall viscosity of the system

[122]

. Figure 34e shows the detailed

distributions of the particle size, or the equivalent spherical diameter, of all the samples
studied.

6.3.2. Effects of particle concentration and size on ink rheology

93

a)

c)

b)

d)

Figure 35. a) Steady shear tests for 20 µm NdFeB particle suspension at solid volume
loading, or 0%, 50%, 65%, 75%, 80%, 85% and 90% weight loading, respectively. b) Linear
correlation between 𝜙/𝜂! and 𝜙. c) Time sweep of unimodal dispersed nonspherical particle
suspension at different loading. γ0 = 1 %, ω = 1 rad/s. d) Steady shear tests for 57 vol.%
loading NdFeB ink at different particle sizes. Temperature: 25 °C.

Figure 35a shows the steady shear rheology data of the 20-µm samples at different
particle loadings from 0.01 s-1 to 25 s-1. Within the shear rate range studied, the neat binder
behaved essentially as a Newtonian fluid with a constant shear viscosity of ca. 0.9 Pa.s.
Inclusion of NdFeB powder increased the suspension viscosity, especially at low shear rates,
leading to shear thinning behavior (i.e., viscosity decreases as a function of increasing shear
rate). The degree of shear thinning increases as the powder loading increases. Some degree of
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shear thinning is considered to be desirable for extrusion-based 3D printing because the shear
rate generated the printing process will reduce the ink viscosity for ease of extrusion. As soon
as the ink is deposited onto a substrate, the shear rate reduces, and the corresponding increase
in ink viscosity minimizes further fluid spreading, thereby improving shape fidelity of the
printed structure. It is worth noting that the viscosities of non-spherical NdFeB dispersions
are generally higher than the viscosities of spherical NdFeB dispersions reported in the past
work

[105]

. This may be explained by the increase of particle-particle interactions due to the

irregular shape of the particles as they tumble and make contacts in shear flow.

Different empirical and semi-empirical models exist in the literature to describe the
evolution of suspension viscosity as a function of particle volume fraction. Relative viscosity
is defined as the suspension viscosity divided by the suspending medium viscosity, or the
viscosity of the neat binder in this case. As majority of the traditional models were invented
and validated for spherical particle suspensions in dilute or semi-dilute regime, there are less
models available for highly concentrated non-spherical particle suspensions. In this paper, we
will limit to two commonly used models proposed by Mooney and Krieger and Dougherty.

Mooney [123] proposed the following equation:

𝜼𝒓 = 𝐞𝐱𝐩

𝒌𝝓
𝟏!

𝝓
𝝓𝒎

,

Equation 13

where 𝜂! is the relative viscosity, k is a shape-factor parameter, and 𝜙! is the maximum
packing fraction. For hard spheres, k is expected to be 2.5. For non-spherical particles, k is
larger than 2.5 and becomes an empirical parameter that is highly dependent on the aspect
ratio and surface roughness of the particles [124].
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Another widely accepted form was proposed by Krieger and Dougherty [125].

𝝓

𝜼𝒓 = 𝟏 − 𝝓

𝒎

!𝒌𝝓𝒎

.

Equation 14

Figure 35b shows the relative viscosity as a function of volume fraction of 20-µm
particles at a fixed shear rate of 0.01 s-1. The best fit values are: k = 5 and of 𝜙! = 0.7 for the
Mooney equation and k = 10 and 𝜙! = 0.69 for the Krieger-Dougherty equation,
respectively. Fitting was carried out using the least square method coded in MATLAB. 𝜙! is
the maximum packing fraction should be less than one. For random close packing of
monodisperse spheres, 𝜙! should be around 0.64. Under this constraint, Krieger-Dougherty
equation describes the experimental data better compared to the Mooney equation, which
assumes an exponential form with no adjustable parameter in the exponent.
To assess the stability, or more specifically, the sedimentation propensity of the
suspensions, the magnitude of complex modulus, or |G*|, of the suspensions was measured as
a function of time as small-amplitude oscillatory shear (γ0 = 1 %; ω = 1 rad/s) is applied to
the sample confined between two parallel plates. Figure 35c shows the time sweep results for
three different particle loadings (37%, 46%, and 57%, by volume). The percent change value
of complex modulus for a duration of 600 s is included in the plot for reference
∗
∗
(i.e.,(𝐺!""!
/ 𝐺!!
). For the 37% and 46% samples, the complex modulus decreases over time.

The decrease is attributed to the sedimentation of particles due to the large density difference
between the particles and the binder, resulting in a lower effective concentration near the
upper parallel plate at which the torque is measured. In the case of the 57% sample, it is
hypothesized that the high loading of particles hinders particle motions as the particle will
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have to get pass each other before sedimentation occurs. As a result, the complex modulus
remains fairly constant over time, which is desirable for consistent printing.

The effect of average particle size on the steady shear rheology is shown in Figure
35d. The particle loading of all four samples are kept at 57 vol.%. The two samples
containing smaller particles (5 µm and 20 µm) clearly showed a higher apparent viscosity
compared to the samples containing larger plate-like samples (80 µm and 200 µm). The
difference between these samples is attributed to the different levels of particle-particle
interactions and particle orientation (in the case of plate-like samples). First, for the same
volume fraction, the number density of smaller particles will be higher than that of the larger
particles. This results in a larger contribution of particle-particle interactions to the overall
viscosity [112]. Second, in the case of the larger plate-like particles having a high aspect ratio,
they may become aligned as the loading increases due to excluded volume interactions,
which are well documented in the liquid crystalline literature

[126, 127]

. Third, the degree of

alignment of these particles along the shear plane likely increases because of the
hydrodynamics forces associated with the squeeze flow during sample loading and shear flow
during experiments. The shear stress contribution of particles towards the suspension
viscosity decreases as the degree of shear alignment increases

[128]

. The alignment of plate-

like particles has been observed and reported by Paranthaman et al. for magnets 3D printed
using the BAAM method.

6.3.3. Using particle polydispersity to increase the highest printable particle loading
For a given feed pressure of 100 psi, the highest printable particle loading was
determined to be 55% by volume for the 20-µm particle sample. In this section, we explore
the idea of introducing particle polydispersity to increase the maximum packing fraction.
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This idea is inspired by the seminal paper by Farris

[129]

, who studied the effects of mixing

two different sizes of spherical particles. Physically, the smaller particles of an appropriate
size ratio to the larger ones will fill the interstices between the large particles, thereby
maximizing the total solid volume fraction

[130]

. Most of the existing studies, including the

original work, focus on spherical particles. In this study, we define the size ratio of the
irregular non-spherical particles as the ratio between the larger particle size (al) and the
smaller particle size (as), using the equivalent spherical particle diameter as the characteristic
particle size.

𝜹 = 𝒂𝒍 /𝒂𝒔

Equation 15

To describe the samples prepared by mixing any two different sizes, we use the fraction of
the solid volume occupied by the large particles (𝜁), which is defined as:

𝜻 = 𝝓𝒍 /𝝓,

Equation 16

where 𝜙! is the volume fraction occupied by the large particles and 𝜙 is the total volume
fraction occupied by particles, both large and small.

a)

b)
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Figure 36. a) Relative viscosity at 0.01 s-1 of nonspherical powder suspension by
manipulating 𝜁 and large to small particle size ratio (δ). b) Relative viscosity at 0.01 s-1as
a function of volume percent solid loading with different δ values and fixed 𝜁 = 0.67.
Temperature: 25 °C.

Figure 36a shows the effects of particle size ratio (𝛿) as a function of the volume
fraction of large particles (𝜁 ) for a given shear rate of 0.01 s-1. The relative viscosity first
decreases and then increases as a function of increasing 𝜁. Similar trends have been reported
by a number of authors. For instance, Dames and Fiske reported a 𝜁-value of around 0.3 to
attain the minimal viscosity [131, 132], whereas Shapiro et al. reported the minimum occurs at 𝜁
> 0.5

[133]

. Interestingly, numerical simulation results obtained by Morris and colleagues

suggested the lowest viscosity occurs for 0.5 < 𝜁 < 0.7. However, the authors considered
bimodal mixing of spherical particles instead of non-spherical particles and the simulated
particle size ratio varies within a much narrower range (from 2 to 4). In terms of size ratio
(δ), the minimal viscosity was observed for δ = 16, which is consistent with the experimental
values reported by Brouwers et al. and Dames et al.

[134]

for highly concentrated bimodal

dispersion systems. Figure 36b summarizes the relative viscosity data as a function of total
particle loading (at a fixed 𝜁-value of 0.67). For the same relative viscosity value, a 𝛿-value
of 16 yields the highest particle loading.

6.3.4. Density and Surface Finish of UADW magnets
The highest particle loading is limited by the mixing process and is found to be ca. 65
vol.% for an optimized 𝛿-value of 60 and 𝜁-value of 0.67. A higher loading than this value
resulted in an inhomogeneous sample with clearly visible spherical clusters (See Supporting
Information).
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Figure 37 a-b) presents some printed magnets with cubic shapes in top and side views,
and white light interferometry surface profile of the top surface printed with 20 µm spherical
particles and 400 µm nozzle size. One drawback of Fused Deposition Modeling (FDM) and
Big Area Additive Manufacturing (BAAM) printed magnets is the high porosity of their
products due to oval cross-section filament geometries and rapid solidification of polymer
melts. Measured density of FDM and BAAM magnets can be 10–20% lower than the
theoretical density calculated from the feeding nominal composition [90]. Extrusion-based DW
uses a similar deposition mechanism, but the lack of phase change keeps the viscosity prior to
UV curing roughly 2-3 orders of magnitude lower. Surface tension can therefore drive fusion
between deposited inks, minimizing or removing any voids between them. Since polydisperse
lowers the ink viscosity, the void fraction could be further reduced at higher content.
Experimentally, for unimodal nonspherical particles at 55% feed volume fraction, the density
of printed magnets measured 4.4 g/cm3, which closely matches the expected theoretical
density of 4.4 g/cm3 (assuming linear combination of input material densities and no voids).
As the nominal unimodal volume fraction increased to 60%, however, the average density of
the printed magnet sample increased to 4.5 g/cm3 (based on three samples), 10% lower than
the expected theoretical density of 5.0 g/cm3. The difference is due to difficulty in dispersing
the particles homogeneously as particle loading approaches the theoretical limit and the
dramatic increase of ink viscosity as loading increases. When applying 80 and 5 µm particles
bimodal mixing at 𝜁 = 0.67, the result printed magnet sample has a density of 5.0 g/cm3,
matching the theoretical density.
One slight drawback of using bimodal mixing is the sacrifice of product surface
smoothness from large particles. The surface roughness spikes significant in Figure 37c)
when a nozzle size of 1.6 mm to accommodate 80 and 200 µm particles.
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Figure 37d) characterize the surface topography of a 0.7 * 0.5 mm sample area of the
top face of a cubic-shaped printed magnet printed with unimodal 89 wt.% mixing ink and 400
µm nozzle. The sample area showed an arithmetic mean roughness (Ra) of 1.393 µm and a
ten-point height (Rz) of 28.14 µm indicating a smooth surface finish. For the bimodal mixing
magnet printed with 1.6 mm nozzle (Figure 37e), Ra increases to 12.971 µm and Rz increases
to 188.24 µm, contributed by larger nozzle tip, larger particle size and higher ink viscosity.

a)

b)

c)

d)

e)

Figure 37. a-b) Top and side view of a printed magnet, respectively. 400 µm nozzle tip, 89
wt.% 20 µm particles unimodal mixing. c) Top view of a printed magnet. 1.6 mm nozzle tip,
91.5 wt.% 80-5 µm particles 2:1 bimodal wt. mixing. d-e) White light interferometry surface
profile of a 0.7 * 0.5 mm sample area of the top face of a UADW cubic-shaped magnet. The
line graph shows a 1D height sample along the x-axis, sampled from the horizontal line in the
2D image.
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6.3.5. Sample magnetic performance characterization

a)

b)

c)

d)

Figure 38. a-b) Second quadrant hysteresis curve and energy product of printed 89% NdFeB
magnets with spherical and nonspherical particle geometries, respectively. 20 µm sized
particles were used. c-d) Second quadrant hysteresis curve and energy product of printed
NdFeB magnets with 80 to 5 µm particles bimodal mixing at 𝜁 = 0.67. Bimodal ultrasonic
print and molded loading: 93 wt.%; bimodal printed loading, 92 wt.%.

Figure 38a shows the second quadrant demagnetization loop and energy product of
post-cured magnets with three different process conditions based on mixing component
fractions and printing method. Remanence and intrinsic coercivity are key attributes of a
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magnet. Remanence refers to the magnetization left behind in a ferromagnetic material after
removing an external magnetic field, and intrinsic coercivity is the strength of the magnetic
field necessary to reduce the magnetic polarization (strength of magnetization) to zero. From
the previous study on spherical particles, we identified a strong linear correlation between
remanence and solid loading of the sample. Energy product gives the magnetostatic energy a
permanent magnet material can store therefore is a direct indicator of magnetic strength. The
60 vol.% spherical particle suspension samples exhibit a remanence of 3.76 kGauss (52.3%
of raw powder value) and intrinsic coercivity of 9.50 kOe. The 55 vol.% nonspherical NdFeB
samples have a remanence of 4.66 kGauss (52.5% of raw powder value) and intrinsic
coercivity of 9.42 kOe.

The intrinsic coercivity of magnets has a strong relationship with the temperature of
the process. In a typical FDM process, the operating temperature is beyond melting
temperature where the thermal energy will disturb the alignment of the spins and/or cause
oxidation of the particles. In our process, the binder is in-situ cured UV at room temperature
and the post processing temperature is much lower comparatively at 60 °C. All printed
samples have similar intrinsic coercivities close to the raw powder value of 9.4 kOe.

In line-by-line or layer-by-layer 3D printing, voids and porosity are always concerns
that will affect the final density and performance of the product. Here we back calculate the
material composition from the final sample density, based on the known densities of raw
powder and binder, so the void effects are considered. In our previous results with spherical
powder

[105]

, as the nominal volume fraction increased from 48% to 60%, remanence

improved only 7% as shown due to voids. With polydispersing of nonspherical particles, as
feed ink solid loading increased to 65% nominal volume fraction, remanence of the printed

103

magnet increased to 5.76 kGauss (64.8% of raw powder value). The final density and
magnetic performance of printed samples are close to the properties achieved from casted
magnet samples, again indicating minimal process induced performance degradation. Table 1
summarizes the product density and magnetic performance of UADW magnets by different
mixing conditions.

Table 9. Comparison of magnetic properties of UV-assisted DW magnets by different mixing
and printing conditions

Br
Mixing/Geometry

ρ (g/cc)

Solid vol.%

Conditions

(kG)

(B*H)Max
Hci (kOe)

(MGOe)

UADW

Uni./ Sph.

4.0

60%

3.76

9.50

3.05

UADW

Uni./ N-Sph.

4.4

55%

4.66

9.42

4.72

UADW

Bimodal / N-Sph.

5.2

65%

5.88

9.39

7.26

Casted

Bimodal / N-Sph.

5.3

65%

5.89

9.30

7.31

Figure 39 updated the magnetic performance comparison from our previous work

[105]

, both

in terms of relative remanence and relative intrinsic coercivity, of magnets prepared by
published 3D printing methods authors aware. The works listed here include BAAM

[90]

,

Injection Molding [90], Selective Laser Sintering [109], Binder jetting [91], Thermo-curing Direct
Write

[92]

, and our work in both unimodal and bimodal dispersion form. Due to the starting

powder difference in each experiment, the relative remanence and intrinsic coercivity are
acquired by using achieved properties divide by the raw powder properties provided in the
manufacturing data sheet.
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The high solid loading from applying polydispersity gives UV-assisted DW printed magnets
a significant boost in relative remanence achieved. Our UADW technique combines highest
product intrinsic coercivity and the highest magnetic remanence. The UV-assisted DW of
polymer-bonded magnet unleashes abundant possibilities for high-resolution 3D magnet
fabrication (Figure 39b).

a)

b)

Figure 39. a) Comparison of performance for magnets prepared by different methods,
namely, UADW (this work), injection molding (IM), big area additive manufacturing
(BAAM), selective laser sintering (SLS), binder-jet, and direct write (DW). The higher the
remanence value and the higher the intrinsic coercivity value, the better the magnet
performance. b) Printed dumbbell shape coupon and magnetic sensors on glass substrate.
6.4

Conclusions and Future work
The research presented in this paper provides one of the first experimental evidences

of solid loading improvement in highly concentrated disk-shaped particle suspension using
bimodal mixing. We characterized the rheology of custom-created DW inks from unimodal
and bimodal dispersed highly concentrated suspensions and build the link between ink
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viscosity and solid loading. We are the first team capable of printing 65 vol.% loading
nonspherical ferromagnetic particle suspensions at room temperature and balancing the
relationship between magnetic performance, solid loading, and UV curing.
Bimodal mixing of nonspherical particles improves the solid loading from 55 to 65
vol.%. UADW of polymer-bonded magnets with nonspherical NdFeB powders shows
product performance improvement over magnets made out of spherical powder. The
remanence, intrinsic coercivity and energy product of the printed magnets can be preserved
from the feed material, due to low temperature fabrication and low voids and porosity of the
product. Best printed magnet yields a remanence of 5.88 kG, or 65% of the remanence of the
raw powder, and 9.3 kOe of intrinsic coercivity, 100% of the raw powder values. Further, the
intrinsic coercivity and remanence of UADW magnets normalized by the raw powder values
outperform values reported in the literature for magnets prepared from other additive
manufacturing methods, including BAAM, FDM, selective laser sintering (SLS), binder-jet,
and thermal-curing direct write (DW).
For future work, magnet performance may be further improved by optimal selection
of raw powder, binder, and print conditions. Nearly all additive manufacturing magnet
methods nowadays are dealing with isotropic powder. Anisotropic magnetic powders are
known to have stronger magnetic properties if the particles can be aligning correctly.
Paranthaman et al.

[135]

recently developed a post-processing technique that allows the

aligning of particles in BAAM printed magnets through a secondary melt process. The
resulting magnet has stronger magnetic performance than magnets made with isotropic
powder, with the compromise of product resolution due to post melting. In DW, the material
extruded will keep their amorphous state before curing. Zhao et al. [136] provided a possibility
of aligning particles in pre-magnetized ferromagnetic particle suspensions with an
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electromagnet placed at DW nozzle tip. It opens the possibility of in-situ particle anisotropic
particle aligning for print magnets close to sintered magnet performance.
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7 Other ongoing work and Conclusions
7.1

Extrusion-based Direct Write Modeling
Due to the complexity of the paste extrusion printing process, where multiple

interfacial physics principles are involved, an all-inclusive modeling of the DW process is
very difficult. An simplified simulation shown in chapter 2 is useful for parametric study on
the sensitivity of the parameters, but the lack of ink-substrate interactions made it helpless to
predict the characteristics or properties of printed pattern, line width and cross-sectional
shape for example.
COMSOL provides a possible solution to improve the understanding of the fluid
flow and to predict the optimal design for inkjet printing. The fluid flow is modeled by the
incompressible Navier-Stokes equations together with surface tension, using the level set
method to track the fluid interface. This model considers the shape and operation of an
inkjet nozzle, the contact angle, surface tension, viscosity, and density of the injected
liquid. By modify the ink viscosity and nozzle geometry, and add deformed to account for
the substrate moving during printing, the model could be easily used for modeling
extrusion-based direct write printing. However, the current model is considering two phase
flow where a high-resolution interfacial layer thickness is required to accurately predict
printed pattern geometry. The re-initiation of the interface and the moving geometry will
significantly increase the computational time, making it unpractical for application use.
Also the simulation of extrusion-based DW is 3D in nature due to relative motion between
the nozzle and the substrate, so not much symmetric condition could be used to reduce
computational time. As an example, a 3D simulation of ink dispensing for 0.001 second
with substrate and geometry takes around 2 days using a HPC with 48 cores.
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Since the extrusion-based DW has high viscosity, the interfacial characteristics
between air and ink are dominated by viscosity rather than surface tension. Therefore the
modeling results between using single-phase flow and two-phase flow should be minimal.
The author developed a preliminary model with Abaqus Coupled Eulerian Lagrangian (CEL)
Finite Element Method (FEM). Here In the Lagrangian finite element description, nodes are
coincident with the material points and hence nodes and material points move together. On
the other hand, in the Eulerian finite element description, nodes stay fixed while material
flows through the mesh. In this case, the fluid is modeled using the Lagrangian domain and
everything else is in the Eulerian domain. (Figure ) Note this is a preliminary model being
developing and has not been validated.

Figure 40. Preliminary single phase flow simulation for extrusion-based DW printing. Built
in Abaqus CEL package.
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Besides the geometry of ink deposited, another area of interest is the in capillary
thinning and “break-up” of the fluid due to substrate and extrusion speed differences. In a
pinching thread, viscous, inertial and elastic forces can all resist the effects of surface tension
and dominate the thinning process. McKinley et al. reviewed the visco-elasto-capillary
thinning and break-up of complex fluids137. Several important dimensionless parameters are
important to determine the dominant force shown in Figure 41 below.

Figure 41. The operating space and important dimensionless parameters for Visco-ElastoCapillary Thinning and Breakup137
The Reynolds number, 𝑅𝑒 = 𝜌𝑉𝑙/𝜂! , gives the relative importance of inertial effects
versus viscous stress. The Weissenberg number, 𝑊𝑖 = 𝜆𝑉/𝑙 , determine the relative
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importance of elastic effects with respect to viscous stress. The Capillary number, 𝐶𝑎 =
𝜂! 𝑉/𝜎, represents the relative effect of viscous force over surface tension. Here 𝜌 is the
density, V is the characteristic velocity, l is the characteristic length, 𝜂! is the viscosity, 𝜆 is
the longest relaxation time, and 𝜎 is the surface tension. The relative coordinates of a
particular thinning process can be specified by the values of Re, Ca, Wi.
As the printing scale in additive manufacturing shrinks, and the characteristic length
scale (l) decreases, non-Newtonian effects in the extrusion-based DW process will thus
become increasingly prevalent.
Specifically in the very weakly elastic suspensions, elongated filaments and strands
are not observed. A proper non-Newtonian viscosity model is required as the ink undergoes
deformation. Such modeling will help predict the “in-air” thinning of ink during the
dispensing process, facilitate printing resolution improvements, and prevent printing traces
from breaking.
7.2

Conclusions and Contributions
In the second chapter, we studied the relationship between ink/particle properties and

printed pattern structure, and explored the limit for high-resolution DW printing. we conclude
a small gap and high substrate speed are desirable for printing high density interconnects.
Using the ink chose from study and a 25-µm nozzle, we achieved 15-µm silver lines with line
spacing of 50 µm. Applying that knowledge, we demonstrated feasibility of the extrusionbased DW method for high-resolution wear-sensor applications in the third chapter. Two
wear sensor prototypes consisting of a set of parallel resistors, one with commercial resistors
and the other with printed Ruthenium resistors, were fabricated using extrusion based direct
writing. The sensors can be directed integrated onto engine turbine casing and demonstrated
real time and high-resolution detection of abrasive wear.
In the fourth chapter, a printed RTD was printed, tested, and fully characterized to
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determine the microstructure, chemical composition, and electrical characteristics of the
printed platinum traces. A demonstration of printing on conformal substrates opens up more
possibilities for embedding and conformal electronics with minimal material waste and short
turn-around time.
In the fifth and sixth chapter, a novel UV-assisted 3D printing method was applied to
print polymer-bonded magnets with high solid loading and magnetic performance.
Concentrated suspension rheology for spherical and nonspherical, mono-modal and bimodal
distribution particles were studied to push solid loading higher and keep ink viscosity
manageable. The final printed magnet has the highest density and magnetic performance
among all 3D printing techniques.
The work described in this thesis contributing to the analysis of extrusion-based DW
based DW can be summarized as follows:
1. We performed a comprehensive study of the relationships between ink
properties/machine parameters and the printed line dimensions, including parametric studies
of the machine parameters, an in-nozzle flow dynamics simulation, and a preliminary 3D
comprehensive flow dynamics simulation.
2. We explored the boundary and possibilities of extrusion-based DW. We push the
printed line width to 15 µm from a literature value of 25 µm, pushed DW ink the solid
loading level to 65 vol.% with nonspherical particles, no higher value was reported, and
printed polymer-bonded magnets with the highest density and magnetic performance among
all 3D printing magnet techniques.
3. We were one of the first experimentalists as of author’s knowledge to perform
bimodal nonspherical highly concentrated suspension rheology analysis using nonspherical
particles. Great improvements in solid loading were achieved by using the best large-to-small
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particle size ratio and large particle volume ratio found. The data and analysis could provide
some solid experimental support for later researchers.
7.3

Future of Extrusion-based Direct Write
In author’s opinion, the future of extrusion-based DW lies beyond 3D. Lewis et al. 138

printed composite hydrogel architectures that are encoded with localized, anisotropic
swelling behaviour controlled by the alignment of cellulose fibrils along prescribed fourdimensional printing pathways. The programmably fabricate plant-inspired architectures can
change shape on immersion in water, yielding complex three-dimensional morphologies. The
cells in 3D bioprinting structure can have distinct functionality from the bulk properties of the
three-dimensional printed structure, giving the printing a fourth dimension.
Studart 139 uses an alternative definition to count the printing dimensions and acclaim
3D printing has five-dimension programmability. In addition to the ordinary three
dimensions, he applied static in-situ two component mixing device in the printer so the ink
can be programmably mixed and yield different material composition within the printed
structure. The fifth dimension comes from the particles orientation. Deliberate particle
orientation control is demonstrated by applying low magnetic fields on deposited inks preloaded with magnetized stiff platelets.
DW is capable of produce parts with various sizes from nano- to meso- scale, and a
wide range of materials that can be formulated and printed. With such capabilities, direct
write shows its versatility among existing 3D printing techniques and proves itself to be an
effective and cost efficient fabrication method beyond prototyping.
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